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FOREWORD

This editionisarevision of ASME Y14.5.1M-1994, Mathematical Definition of Dimensioning and Tolerancing Principles,
supporting Y14.5-2009. Efforts focused on improving usability with Y14.5 have resulted in harmonization of terms where
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Changes and Improvements.

on this revision began in May of 2012 followed by semiannual face-to-face meetings and numerous of
htive meetings to refine content and disposition comments. Comments on key areas are provided belo
e context to these revisions.

bvision includes a new stabilization definition for irregularities on datum features specified at RMB, W
an alternative to the candidate datum set. SC5 had moved toward the concept of a‘single-stable soly
imizes the separation between the datum feature and the true geometric counterpart, and SC5.1
study the concept and recommend a mathematical definition. A stable Cofistrained L2 datum defin
Fted, which applies as an alternate stabilization definition for Y14.5-2009 and the default stabilization defin
b-2018. See Nonmandatory Appendix B for results of the study and mathematical definitions.
tolerancing was a major focus of development work and the section was.completely rewritten. The actual v
was changed from the deviation-based two-value definition to a zorfe-based single-value definition compa
.5’s tolerance zone definitions. This provides a consistent treatmentiof unequally disposed and unilateral pr
th no change in conformance results. The updated definition allows direct comparison of the actual value
fied tolerance value, and consistency with actual value definitions for other geometric tolerances.
elopment of the profile section also created the requirementto address applications with multiple features 3
f degree of freedom constraints. This was accomplishedbytreating profile tolerances as systems with degre|
and constraints, with the Y14.5 tolerance zone and,datum reference frame definitions providing the iy
hs. Actual values are defined for a wide variety of profile applications including single features, multifea
vith and without datum features, simultaneous)requirements, and composite profile tolerances.
athematical definitions for size have not chdnged; they continue to use the sweeping ball concept to defing
e zone volume. Two nonmandatory definitiens for local size have been added: one based on opposed points
' based on inscribed/circumscribed circular elements.
hd figure edits were made to improwe readability and clarify content. Changes in sentence structure, organiza
t, and method of illustrationsare hot an indication of technical changes.

nput from industry, academia, regulatory agencies, and the public-at-large.
Y14.5.1-2019 was approved by ANSI as an American National Standard on November 7, 2019.

And a realignment of sections consistent with Y14.5-2009. This revision also addresses proposals submittdd by
c or members of the Y14 Standards Committee and affiliated subcommittees. See Nonmandatory Appendjix A,

1line
W to

hich
tion
was
tion
tion

alue
tible
ofile
with

nda
es of
itial
ture

b the
and

ition

fandard is available for public review on a continuing basis. This provides an opportunity for additional pyiblic
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5ing Revisions. Revisions are made periodically to the Standard to incorporate changes that appear neces
ble, as demonstrated by the experience gained from the application of the Standard: Approved revisions w
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Section 1
Scope and Definitions

1.1 [SCOPE

This Standard presents a mathematical definition of
geometrical dimensioning and tolerancing consistent
witH the principles and practices of ASME Y14.5-2009,
enapling determination of actual values. While the
geng¢ral format of this Standard parallels that of ASME
Y14|5-2009, the latter document should be consulted
for practices relating to dimensioning and tolerancing
for juse on engineering product definition and in
related documentation.

Té¢xtual references are included throughout this Stan-
dard which are direct quotations from ASME Y14.5-2009.
All quch quotations are identified by italicized type and
inclpde paragraph reference within square brackets.
Any|direct references to other documents are identified
by an immediate citation.

This Standard applies to product definition in any
reprjesentation. When reference is made in this Standard
to afj engineering product definition, it applies to any forin
of pfoduct specification.

1.1.] Reference to Gaging

Thig Standard is not intended as a gaging stahdard. Any
refefence to gaging is included for explanatory purposes
only}

1.2 [ASME Y14 SERIES CONVENTIONS

The conventions in parag. 1)2.1 through 1.2.9 are used in
this|and other ASME Y14 standards.

1.2.1 Mandatory,‘Recommended, Guidance, and
Optional:\Words

(d) The word “shall” establishes a requirement.
(4) The*word “will” establishes a declaration of
purposé-on the part of the design activity.

(g) The phrase “unless otherwise specified” pr “U0S”
shall be used to indicate a default requirement. THe phrase
is used when the default is a generally applied|require-
ment and an exception may be provided by another docu-
ment or requirement.

1.2.2 Cross-Reference of Standards

Cross-reference of standards in text with or without a
date following the _standard designator shall be inter-
preted as follows:

(a) Referencé to other ASME Y14 standards in the text
without a date’following the standard designator [ndicates
that thesedition of the standard identified in the Refer-
ences.section (subsection 1.3) shall be used|to meet
thetrequirement.

tb) Reference to other ASME Y14 standards in the text
with a date following the standard designator |ndicates
that only that edition of the standard shall be used to
meet the requirement.

1.2.3 Invocation of Referenced Standards

The following examples define the invocation pf a stan-
dard when specified in the References |[section
(subsection 1.3) and referenced in the text of this Stan-
dard:

(a) When areferenced standard is cited in the fext with
no limitations to a specific subject or paragraph(s) of the
standard, the entire standard is invoked. For ¢xample,
“Dimensioning and tolerancing shall be in ac¢ordance
with ASME Y14.5” is invoking the complete gtandard
because the subject of the standard is dimenpsioning
and tolerancing and no specific subject or paragraph(s)
within the standard are invoked.

(b) When areferenced standard is cited in the fext with
limitations to a specific subject or paragraph(f) of the
standard, only the paragraph(s) on that subject is

(c) The word “should” establishes a recommended
practice.

(d) The word “may” establishes an allowed practice.

(e) The words “typical,” “example,” “for reference,” and
the Latin abbreviation “e.g.” indicate suggestions given for
guidance only.

(f) The word “or” used in conjunction with a require-
ment or a recommended practice indicates that there are
two or more options for complying with the stated
requirement or practice.

invoked. For example, “Assign part or identifying
numbers in accordance with ASME Y14.100” is invoking
only the paragraph(s) on part or identifying numbers
because the subject of the standard is engineering
drawing practices and part or identifying numbers is a
specific subject within the standard.

(c) When a referenced standard is cited in the text
without an invoking statement such as “in accordance
with,” the standard is invoked for guidance only. For
example, “For gaging principles, see ASME Y14.43” is
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only for guidance and no portion of the standard is
invoked.

1.2.4 Parentheses Following a Definition

When a definition is followed by a standard referenced
in parentheses, the standard referenced in parentheses is
the source for the definition.

1.2.5 Notes

symbol proportions, select the applicable letter height
in accordance with ASME Y14.2. Multiview drawings
contained within figures are third-angle projection.

1.2.9 Precedence of Standards

The following are ASME Y14 standards that are basic
engineering drawing standards:

ASME Y14.1, Decimal Inch Drawing Sheet Size and Format

Notes|depicted in this Standard in ALL UPPERCASE
letters qre intended to reflect actual drawing entries.
Notes dgpicted in initial uppercase or lowercase letters
are to b¢ considered supporting data to the contents of
this Starjdard and are not intended for literal entry on
drawingp. A statement requiring the addition of a note
with thd qualifier “such as” is a requirement to add a
note, anfl the content of the note is allowed to vary to
suit the ppplication.

1.2.6 Apronyms and Abbreviations

Acronyms and abbreviations are spelled out the first
time us€d in this Standard, followed by the acronym or
abbreviation in parentheses. The acronym is used there-
after thrpughout the text.

1.2.7 Upits

The International System of Units (SI) is featured in this
Standard. It should be understood that U.S. Customary
units copld equally have been used without prejudiee
to the principles established.

1.2.8 Figures

The figures in this Standard are intended only as illus-
trations [to aid the user in understanding the practices
describgd in the text. In some cages;figures show a
level of detail as needed for emphasis. In other cases,
figures are incomplete by infent so as to illustrate a
concept|or facet thereof. The)absence of figure(s) has
no bearing on the applicability of the stated requirements
or practice. To comply-with the requirements of this Stan-
dard, actual data sets'shall meet the content requirements
set forth|in the text. To assist the user of this Standard, the
designated paragraph(s) in which an illustration is refer-
enced appeats in the lower right-hand corner of each
figure. This reference may not be all-inclusive. The

ASME Y14.1M, Metric Drawing Sheet Size and Fornjat
ASME Y14.2, Line Conventions and Lettering
ASME Y14.3, Orthographic and Pictorial Views
ASME Y14.5, Dimensioning and Tolerancing
ASME Y14.24, Types and Applications~of Engineering
Drawings
ASME Y14.34, Associated Lists
ASME Y14.35, Revision of Erigineering Drawings|and
Associated Documents
ASME Y14.36, Surface Téexture Symbols
ASME Y14.38, Abbreyiations and Acronyms for Usg on
Drawings and Related Documents
ASME Y14.41, Digital Product Definition Data Practjces
ASME Y14.100)Engineering Drawing Practices

All other’ ASME Y14 standards are considered spedjalty
types ofistandards and contain additional requiremenits or
make exceptions to the basic standards as requiregd to
support a process or type of drawing.

1.3 REFERENCES

The following revisions of American National Standprds
form a part of this Standard to the extent specified hefein.
A more recent revision may be used provided there {s no
conflict with the text of this Standard. In the event|of a
conflict between the text of this Standard and the refer-
ences cited herein, the text of this Standard shall fake
precedence.

ASME Y14.5-2009, Dimensioning and Tolerancing
ASME Y14.41-2012, Digital Product Definition Data Rrac-
tices
Publisher: The American Society of Mechanical Engineers
(ASME), Two Park Avenue, New York, NY 10016-3990
(www.asme.org)

absence of a paragraph reference is not a reason to
assume inapplicability. Some figures are illustrations of
models in a three-dimensional environment. The
absence of dimensioning and tolerancing annotations
in a view may indicate that the product definition is
defined in 3D. Dimensions that locate or orient and are
not shown are considered basic and shall be queried
to determine the intended requirement. When the
letter “h” is used in figures for letter heights or for

1.4 MATHEMATICAL NOTATION

This subsection describes the mathematical notation
used throughout this Standard, including symbology
(typographic conventions) and algebraic notation.

1.4.1 Symbology

All mathematical equations in this Standard are rela-
tionships between real numbers, three-dimensional
vectors, coordinate systems associated with datum


https://asmenormdoc.com/api2/?name=ASME Y14.5.1 2019.pdf

ASME Y14.5.1-2019

reference frames, and sets of these quantities. The symbol
conventions shown in Table 1-1 are used for these quan-
tities.

These symbols may be subscripted to distinguish
between distinct quantities. Such subscripts do not
change the nature of the designated quantity.

Technically, there is a difference between a vector and a
vector with location. Generally in this Standard, vectors do
not have location. In particular, direction vectors, which

The magnitude of the cross product is equal in value to
the product of the lengths of the two vectors times the sine
of the angle between them.

For a given feature, the notation r( f’_,) ) will denote the

distance from a pointl_’) to true position (see para. 1.4.1) in
datum reference frame I. When the datum reference frame

is understood from the context, the notation r(F) will be

are ¢ften defined for specific points on curves or surfaces,
are functions of location on the geometry, but are not
located at those points. (Another conventional view is
that{ all vectors are located at the origin.) Throughout
this| Standard, vectors are used to denote points in
spade. While there is a technical difference between a
vectlor and a point in space, the equivalence used in
this [Standard should not cause confusion.

1.4.2 Algebraic Notation

Avector can be expanded into scalar components. Let {,

ﬁ anfl k be the unit vectors alongthex,y, and z axes, respec-

. . -
tively, of a coordinate system. Then a vector V can be

uniquely expanded as

= A ~ ~
V=at+b] +ck

The vector can be written I_; = (a, b, ¢). The magnitude

(length) of vector V is denoted by |7| and can be eval-

uated by

N
‘V‘ = \/a2 + b + 2

. = . . .
Alunit vector V is any vector withumagnitude equal to
one| The scalar product (dot product; inner product) of

two|vectors TI; = (ay, by, a7)yand ‘_/; = (ay, by, c3) is

denfoted by -17_1)75 The-Scalar product is a real

number given by
——
‘/1' V2 = aay + blb2 + 51(%)

and |s equalitivalue to the product of the lengths of the two
vectprs times the cosine of the angle between them. The

- =
crosk product (vector product) of two vectors V; and V,, is

used. rigure 1-1 SNOWs d CdSe OI'd true posSItion d is. If the

- - . .
axis is represented by a point P, on the aXis and a unit

vector N, then r(l_’)) can be evaluated by either of the

following formulas:

@) = {[F - |(F 7]

or

(P = ‘(17’ - 7)) xﬁ‘

The first equation is a version of the Pythagorean
Theorem/The second equation is based on the properties
of the cross product. See Figure 1-1.

1.5 DEFINITIONS

The following terms are defined as their use dpplies to
this Standard. ASME Y14.5-2009 should be consjulted for
definitions applying to dimensioning and tolergncing.

1.5.1 Actual Value

actual value: a unique numerical value repregenting a
geometric characteristic associated with one [or more
actual features.

NOTE: Example characteristics are flatness, perpendlicularity,
position, actual mating envelope size, and actual local size.
Later Sections of this Standard provide rules for the dptermina-
tion of actual values for specific characteristics.

1.5.2 Candidate Datum

candidate datum: one of possibly multiple datyims that
may be established from a datum feature (see
subsection 4.7).

1.5.3 Candidate Datum Reference Frame |

denoted byff)l X I_/; The cross product is a vector \_/3 = (as,
b3, c3)with components given by

a3 = by = byg

by = aye — ap

C3 = a1b2 - 112171

candidate datum reference frame: one of possibly multiple
datum reference frames that may be established from one
or more datum features.

1.5.4 Candidate Datum Reference Frame Set

candidate datum reference frame set: the set of all candi-
date datum reference frames established from a set of
referenced datums.
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1.5.5 Candidate Datum Set

candidate datum set: the set of all candidate datums that
can be established from a datum feature. See
subsection 4.7.

1.5.6 Conformance to a Geometric Tolerance

conformance to a geometric tolerance: applied to a feature,
that condition in which the feature does not violate the

1.5.13 Element, Line

element, line: a line (either closed or open, straight or
curved), e.g., a one-dimensional manifold, resulting
from the intersection of a feature and a specified
cutting surface.

1.5.14 Engineering Data

engineering data: engineering documents such as draw-

requirenrents-—defired-by-the-specifted-toterance————————ingsrassociatedtists;accompanying docunrents;specifica-

1.5.7 Cltting Surface

cutting Jurface: a theoretical surface that, when inter-
sected with a feature, results in a line element.

EXAMPLH: A conical cutting surface coaxial with a datum axis
could be ysed in circular runout evaluation for a surface nomin-
ally at an|angle to the datum axis, as shown in Figure 1-2. The
intersectipn results in a circular line element that is evaluated.

NOTES:
(1) A cutting plane is a cutting surface.
(2) The tfolerance zone is a subset of the cutting surface.

1.5.8 Dprived Median Line

derived median line: see ASME Y14.5-2009 [1.3.31].

1.5.9 Dprived Median Plane

derived median plane: see ASME Y14.5-2009 [1.3.30].

1.5.10 Design Geometry

design ggometry: geometry explicitly represented in ‘the
technicql product definition (e.g., drawing orNEAD
model). [This geometry is a representation frem which
tolerance zones can be constructed.

NOTE: Thee design geometry is not required tosbe at the center of
the tolergdnce zone (e.g., the case of unequally disposed profile
tolerancef).

1.5.11 Direction Vector

direction vector: a unit veetor. Conventionally, directions
are assofiated with various geometries as follows. The
direction vector of\a.straight line (or pair of parallel
lines) is|parallel/tosthe line(s). The direction vector of
a plane [or a«padir’ of parallel planes) is normal to the
plane. The direction vector of a cylinder is the direction
vector of the cylinder axis.

tions, standards, or other information prepared or usgd by
a design activity and relating to the design, manufacture,
procurement, testing, or inspection of items |(see ASME
Y14.100-2017).

1.5.15 Envelope, Actual Mating
envelope, actual mating: see ASME Y14.5-2009 [1.325].

1.5.16 Envelope, Actual'Minimum Material

envelope, actual minimuni material: see ASME Y14.5-2009
[1.3.26].

1.5.17 Feature
Per ASME Y14.5-2009

feature: a-physical portion of a part such as a surface, pin
holera¥ slot or its representation on drawings, models, or
digital data files. [1.3.27]

NOTE: For the purposes of this Standard, a feature is an idefntifi-
able subset (or finite collection of subsets) of the surface of afpart.
A nominal feature is a subset of the nominal surface, whije an
actual feature is a subset of the actual surface.

A feature is required to be a two-dimensional surface,
that is, a two-dimensional manifold, possibly yith
boundary (see Nonmandatory Appendix E, section E-2).

1.5.18 Feature of Size, External

feature of size, external: a feature of size where ¢ach
surface normal is directed away from the featyre’s
resolved geometry.

NOTE: Surface normals point away from the material.

1.5.19 Feature of Size, Internal

feature of size, internal: a feature of size where each sugface
normal is directed toward the feature’s resolved

1.5.12 Element, Circular

element, circular: a circular element is a closed line
element that is nominally a circle.

Examples of cutting surfaces that can create circular
elements are

(a) acone with axis coincident with the datum axis for
circular runout

(b) a plane perpendicular to a spine for circularity

geometry.

NOTE: Surface normals point away from the material.

1.5.20 Half-Space

half-space: one of two regions separated by a theoretical
surface that partitions space into exactly two regions.
These regions can be finite (e.g., the interior of a spherical
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surface) or infinite (e.g., the region on either side of a
planar surface).
NOTES:

(1) Half-spaces are used to define tolerance zones.
(2) The two half-spaces are complements of one another.

1.5.21 Perfect Form

perfect form: a geometric shape that corresponds to the

design-geometry except for allowable variations in size
(=] 4 r ’

actual part geometry (either surface or derived) within
the tolerance zone.

NOTE: The difference between tolerance zones and other zones
is that tolerance zones are inferred from the product specifica-
tion.

1.5.29 True Position
Per ASME Y14.5-2009

locafion, or orientation.

1.5.22 Resolved Geometry

resofved geometry: the resolved geometry of a regular
featpire of size is the center point of a sphere, the axis
of a|cylinder, or the center plane of a width.

1.5.p3 Size, Actual Mating

size|actual mating: anumerical value corresponding to the

idrical or spherical actual mating envelope will be
designated ram.

1.5.24 Size, Actual Minimum Material

size|actual minimum material: a numerical value corre-
spohding to the actual minimum material envelope.
Thigvalue may be a diameter for a spherical or cylindrical
envklope, or width for a parallel-plane envelope,
depending on the context. The radius of a cylindrical
or spherical actual minimum material envelope-will be
designated ramm-

1.5.25 Spine

sping: a point, simple (non-self-intérsecting) curve, or
simple surface. Spines are used’in the definitions of
size|and circularity.

NOTE: Some applications of spines require them to be tangent-
contjnuous; see Nonmandatdry Appendix E, section E-3.

1.5.26 Spine, Local Size

sping, local SiZe:"a tangent-continuous spine from which
crosfs sections are determined for actual local size deter-
minjtiens

true position: the theoretically exact location ofq feature of
size, as established by basic dimensions. [1.3:64]

NOTE: Irregular features of size type b, when specified with a
profile tolerance, do not have true position,

1.5.30 True Profile
Per ASME Y14.5-2009

true profile: a profile defined by basic radii, basi¢ angular
dimensions, basic caoordinate dimensions, basic sige dimen-
sions, undimensioned drawings, formulas, or matHematical
data, including design models. [8.2]

NOTE: Thedrue profile is a subset of the design geometry.

1.6. SUMMARY OF CONVENTIONAL
DESIGNATIONS

Throughout this Standard, conventional designations
are used for various quantities. This suljsection
summarizes these conventions.

G direction vector of a cutting plane

D, = direction vector of the primary datyym plane

D, = direction vector of the secondarfy datum
plane

ﬁ3 = direction vector of the tertiary datym plane
N = direction vector of the surface noijmal
P = Dbosition vector
,(F} ) ~ the distance of a point p’ to true pgsition in
datum reference frame T’
(P) ~ the distance of a point p’ to true pgsition, in

the case that the datum reference|frame is
understood from context

ram = actual mating size (radius)

ramm = actual minimum material size (radius)

rrp = true position mating size (radius)

1.5.27 Surface of Support

surface of support: a theoretical surface that contacts an
actual feature at one or more points, such that the feature
is not on both sides of the surface. See Figure 1-3.

1.5.28 Tolerance Zone

tolerance zone: a zone whose descriptive parameter t
corresponds to the specified tolerance value t,. Confor-
mance is determined by containment of the relevant

PTPMM = trre puaitiuu i mratetial size
(radius)

T = direction vector of a zone

t = a value or size of a zone

to = a specific tolerance disclosed in an engi-
neering product definition or part specifica-
tion
a candidate datum reference frame

—
I}
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1.7 FORMAT
The format used in this Standard for explanation of
geometric characteristics is as follows:

Table 1-1 Mathematical Symbology

(b) Conformance — mathematical definition of the
conformance

(c) Actual value — mathematical definition of actual
value

NOTE: Definitions of conformance and actual values may contain
both narrative and mathematical descriptions; in all cases the
mathematics shall have precedence.

Quantity Symbol Presentation
Real num' ETS G T, dllli ridiu-la'l,c, imiiu, iUWClLdbC Dl1gli>il
6 or lowercase Greek letters
Vectors ? Boldface, italic English letters with an
arrow diacritical mark
Unit vectoys N Boldface, italic English letters with a
caret diacritical mark
Functions (real or y(f;) A real number or vector symbol
vector-vilued) (depending on the kind of value of
the function) followed by the
parameters of the function in
parentheses
Datum refgrence frames r Plain-face, uppercase Greek letter
(coordinpte systems)
Sets S, F Plain-face, italic, uppercase English

letters

(a) D¢finition — narrative and mathematical descrip-
tion of the tolerance zone

Figure 1-2 Example: Cutting Surfaces to Evaluate Circular Runout

Figure 1-1 Example: Distance From a Point to a. Tfrue
Position Axis

[1.4]2

P

Tolerance zone

Circular
element

Tolerance

Cone vertex

One possible cutting
cone location

1.5.7
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Figure 1-3 Examples of a Planar Surface of Support

Surface of support
———————— Not a surface of support

1.5.23
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Section 2
General Tolerancing and Related Principles

21 SUFlFACE POINTS

This §tandard describes the relationship between
points dn the surface of a part and mathematically
defined [tolerance zones. In order to effectively apply
mathemptics to these relationships, it is assumed that
the location of the points on the surface are known
exactly jand it is also known to which feature each
point bejongs.

NOTES:

(1) The fefinition of what constitutes an “actual surface,”
whether on an atomic scale or some other scale, is not
addrpssed in this Standard. What constitutes an "actual
surface” may vary by industry and application.

(2) The gssignment of points to specific features is known as
partifioning. This process is not addressed in this Standard.

2.2 DIMENSION ORIGIN

When|a dimension origin symbol is used to specify the
distancepetween two features, the feature from which the
dimensign originates defines an origin plane for defining
the tolerhnce zone. In such cases, the origin plane shall be
established using the same rules as are provided for
primary datum features (although a datum is not
created)| See Section 4, Datum ReferencetErames.

2.3 FEATURES OF SIZE

Featufes of size are classified-asregular, irregular (type
a), orirr¢gular (type b). These'are’abbreviated FOS, IFOSa,
or IFOSH for ease of notation? Per ASME Y14.5-2009

Regulgr feature of size: one cylindrical or spherical
surface, q circular element, and a set of two opposed parallel
elementsor opposedparallel surfaces, each of which is asso-
ciated with a directly toleranced dimension. [1.3.32.2]

Circuljir elements and opposed parallel elements can be
considered\{regular] “elements of size” when defined with

Per ASME Y14.5-2009, an IFOSb is “a directly taolerapced
feature or collection of features that may contain dr be
contained by an actual mating envelope otHer than a
sphere, cylinder, or pair of parallel planes.” 11.3.32.4(b)]
See Figure 2-6.

This subsection establishes definitions for the|size
limits, conformance, and actual size value for featpres
of size. Subject to Rule #1 of ASME Y14.5-2009 [2J7.1],
size limits of regular features of size also control form
variation. The method\by which Rule #1 is appligd is
discussed in para. 2,3.2.1. For the definition of form
controls, refer to/Section 5.

2.3.1 Limits/of Size

Size is:the value used to characterize a feature of sige. A
size tolerance describes both upper and lower limitp for
this parameter. A feature of size satisfies its size tolerance
if-the feature is contained within a tolerance zone cqrre-
sponding to these limits. Paragraphs 2.3.1 through 2.3.4
are applicable for regular features of size and IFOSa; para.
2.3.5 applies to IFOSb.

(a) Definition. A size tolerance zone is the volpme
between two half-space boundaries, to be descrjbed
below. The tolerance zone does not have a unjque
form. Each half-space boundary is formed by sweeping
a ball of appropriate radius along an acceptable spine,
as discussed below. The radii of the balls are determfined
by the size limits: one ball radius is the least matgrial
condition limit (r.mc) and one is the maximum matgrial
condition limit (rymc)-

A zero-dimensional spine is a point, and appligs to
spherical features. A one-dimensional spine is a simple
(non-self-intersecting) curve in space, and applies t¢ cy-
lindrical features. A two-dimensional spine is a simple
(non-self-intersecting) surface, and applies to pardllel-
plane features. These three types of spines can be

appropriate cutting surface (see para. 1.5.7).

Per ASME Y14.5-2009, an IFOSa is “a directly toleranced

feature or collection of features that may contain or be
contained by an actual mating envelope that is a sphere,
cylinder, or pair of parallel planes.” [1.3.32.2(a)] See
Figure 2-1.
NOTE: For an IFOSa, the actual mating envelope is explicitly
defined by the Engineering Data. For example, supplemental
geometry defining a cylinder or parallel planes is needed to iden-
tify the feature of size in Figure 2-1.

TOTE TigoTrousty defimed; Tespectivety, as comnmected
regular (in the relative topology) subsets of d-manifolds,
ford=0,1,and 2. A d-dimensional spine will be denoted as
89, Also, a (solid) ball of radius r will be denoted as B,.

A solid G(8“, B,) is obtained by sweeping the ball B, so
thatits center lies in S G(S°, B,) is a single ball bounded by
asphere.If S' isaline segment, G(S*, B,) is a solid bounded
by a cylindrical surface and two spherical end caps. If Sisa
planar patch, G(S?, B,) is a solid bounded by two planar
patches and some canal surfaces. (Canal surfaces are
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obtained by sweeping spheres, or balls, so that their
centers lie on a curve in space.) Figure 2-2 shows a
one-dimensional spine and its associated solid for a
ball of radius r.

S' and $% need not be portions of lines or planes, respec-
tively. If necessary, S* or S can be extended to infinity, or
closed upon itself, so that the resulting solid G is a half-
space. The spine, along with the balls, also defines the
symmetric axis transformation of such solids.

2.3.2.2 MMC Limit, Where Rule #1 of Y14.5 Does Not
Apply

(a) Definition. If Rule #1 does not apply, the MMC limit
of the size tolerance is a half-space formed by sweeping a
ball having the diameter of the size limit along a spine of
appropriate dimension for the feature (zero-dimensional
point for a sphere feature of size, one-dimensional curve
for a cylindrical feature of size, or a two-dimensional

(H) Conformance. A regular feature of size or an IFOSa,
F, cdnforms to the limits of size rj ¢ and ryc if there exist
two| spines, S, corresponding to ryyc and S,, corre-
spomding to rymc, and two associated solids, G, = G(S,,
B,1Mc) and G, = G(S,, Brmmc), that satisfy two conditions
desdribed below.
(1) HyCH,
(2) FCH, — Hy
In the above conditions, "c" indicates set contain-
ment and " - " indicates set difference.

If|Fis an external feature, then let H, = Gy, and H,,, = G,. If
Fis gninternal feature, then let H, be the complement of G,
and|H,, be the complement of G,, (see Figure 2-3).

NOTIE: Additional guidance on the spines is detailed in
Nonmandatory Appendix F.

(q) Actual Value. Two actual values are defined. The
actyal external (to the material) size of an external
(respectively, internal) feature is the smallest (respec-
tively, largest) size of the ball to which the feature
conforms. The actual internal size is the largest (respee-
tively, smallest) size of the ball to which the feature
conforms. The size may be expressed as a.yadius or
dianpeter, as appropriate to the application;

2.3.2 Variation of Size

Regular features of size and IFQSa‘are naturally para-
meterized by the size of the balls (spheres) used to
congtruct the size tolerance/Zgne. IFOSb must have an
expllicit parameterization(where each size value corre-
sponds to a boundary.

28.2.1 MMC Limit, Where Rule #1 of Y14.5 Applies

(d) DefinitionxWhere Rule #1 applies, the MMC limit of
the pize toletance is a bound on the allowed size of the
perfiect-form* actual mating envelope of the feature of
size] This.eéan be modeled as a half-space formed by a cyl-
inddr [cphprp/widfh) with gize pqnn] to the MMC size

surfaceforaparallelplanefeatureofsize)-Thisisreferred

to as the MMC half-space.

(b) Conformance. For an external features, the toler-
ance limit is satisfied if the feature is contained within
the MMC half-space for some spine. Forinternal [features,
the tolerance limit is satisfied if thé.feature is cpntained
within the complement of the MMC half-space for some
spine.

(c) Actual Value. The aétial mating size is the fliameter
of the smallest ball that'can be swept along a spirje so that
the feature is contained within the resulting hplf-space
(for external features) or largest ball that can be swept
along a spine so’/that the feature is containefl within
the complement of the resulting half-space (for] internal
featuresy,

2.3.2.3 LMC Size Limit

fa) Definition. The LMC size limit describes a hplf-space
formed by sweeping a ball having the diameter of the LMC
size limit along a spine of appropriate dimensiojn for the
feature (zero-dimensional point for a sphere fgature of
size, one-dimensional curve for a cylindrical f¢ature of
size, or a two-dimensional surface for a parallel plane
feature of size). The resulting volume is referged to as
the LMC half-space.

(b) Conformance. For an external feature, the folerance
limit is satisfied if the feature is contained in theg comple-
ment of the LMC half-space for some spine. For ar} internal
feature, the tolerance limit is satisfied if the fgature is
contained within the LMC half-space for some §pine.

(c) Actual Value. The actual minimum materigl size is
the largest ball that can be swept along a spine s¢ that the
feature is contained within the complement of the
resulting half-space (for external features) or|smallest
ball that can be swept along a spine so that the feature
is contained within the resulting half-space (for] internal
features).

limit. The interior and boundary of this cylinder
(sphere/width) is referred to as the MMC half-space.

(b) Conformance. If the feature of size is contained
within MMC half-spaces (for external features) or
contained within the complement of the MMC half-
space (for internal features), the tolerance limit is satis-
fied.

(c) Actual Value. The actual mating size is the size of the
unrelated actual mating envelope for the feature of size.

2.3.3 Actual Local Size Limits

In addition to the tolerance zone containment require-
ments for satisfying a size tolerance, requirements on the
actual local size of a feature of size may be induced from
the specification. ASME Y14.5 is not overly prescriptive in
its definition of actual local size, stating merely that actual
local size is “any individual distance at any cross section of a
feature of size.” In some sections of the ASME Y14.5 stan-
dard, it appears this is a point-to-point distance, while in
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other sections there is reference to the actual local size of
circular elements.

Both of these notions rely on cross sections, which are
determined relative to a local size spine; this spine is one-
dimensional (cylindrical features), two-dimensional
(parallel plane features), or a point (spherical features).

2.3.3.1 Establishing the Local Size Spine. A local size

spine must be tangent-continuous in order for cross
sections fte—-be-taken qlnng the-entire feagture-—Per ASME

(b) Conformance. If the distance between the two
opposed points satisfies the size limits, this actual local
size conforms to the tolerance.

(c) Actual Value. The actual value for an individual
actual local size is the Euclidean distance between the
two opposed points where the evaluation line intersects
that actual feature.

NOTE: Conformance to the actual local size requirements is
neither a necessary nor a sufficient condition for conformance

Y14.5-2Q09

The dgrived median line/plane is made up of the center
points of all cross sections/line segments of the feature
normal (perpendicular) to the axis/center plane of the unre-
lated acual mating envelope. [1.3.30, 1.3.31]

As surface flaws may cause these center points to form a
discontinuous line or plane, evaluation of actual local size
requires|constructing a tangent-continuous line or plane.
Examplgs of non-unique center points or a tangent-
discontinuous center line are shown in Figure 2-4.
Because|of these properties of the derived median line
and plarle, a local size spine is used that approximates
the deriyed median line or plane, but is tangent-contin-
uous.

NOTE: Thie local size spine can be thought of as a “well-behaved”
derived njedian line or plane, possibly obtained through some
smoothing of the derived median line or plane constructed using
the ASMH Y14.5 definition.

When|straightness of the derived median line is eval-
uated (gee para. 5.4.1.1), the nominally circular cross
sections|obtained from cylindrical features of size ate
evaluate{ to find the centers. In the absence of others$pec-
ification| these centers will be the center of a\“mating
circle” ip that cross section, i.e., an inscribed.circle for
an interpal feature, and a circumscribed. circle for an
external|feature.

2.3.3.p Evaluation of Actual Local Size (Opposed
Points).| If actual local size is-to_be evaluated by the
opposed| points method, an actual local size exists:

- for gvery line perpendicilar to the two-dimensional
local siz¢ spine at the pgint this line intersects the spine
(parallel| plane featuries)of size);

- for ¢very line passing through the one-dimensional

local size spinesin“any cross section perpendicular to

to the size requirement based on swept spheres.

2.3.3.3 Evaluation of Actual Local Size\(Circplar
Elements). If the actual local size is to bg _evaluatefd by
the circular elements method, two attual local dizes
exist for every point on the local\size spine in|the
cross section perpendicular to thé.local size spirje at
that point (cylindrical features of'size), or every pllane
passing through the center point (spherical featurg¢s of
size).

- Where Rule #1 does\not apply, both “maximum njate-
rial” and “least material” local sizes are of interest. If Rule
#1 applies, only the “least material” local size is of inteJrest.

- Cross sections are formed by using a cutting plang for
cylindrical.and spherical features of size.

- Circular'element actual local size is not defined for
parallel planes features of size.

(a)Definition. The actual least material local size|in a
particular cross section is the diameter of the minirtnum
circumscribed circle (internal features) or the maxithum
inscribed circle (external features) corresponding tq the
actual feature in that cross section.

(b) Conformance.Ifthe diameter of the defined circle(s)
satisfies the limits of size, this actual local size conforms to
the tolerance.

(c) Actual Value. The actual value for an actual local
(s) is the diameter of the defined circle(s).

size

NOTE: Conformance to the actual local size requirements igonly
intended to be an estimate of conformance to a size specificption
by the swept-sphere interpretation.

2.3.4 Continuous Features of Size

be a
rm)
5) of

Where multiple features of size are indicated to
continuous feature (@), the MMC (perfect fa
size definition remains the same for the portions(

the sping¢ (cylindrical features of size); or ; ‘
- for epetyline passing through the center point (spher- the surface which form the continuous feature.
ical featUres of Size) {a}Eorthe opposedpointsdefinitionoftheactualocal

These lines are referred to as evaluation lines. See
Figure 2-5 for a graphical representation of actual local
sizes on a cylindrical feature.

(a) Definition. The actual local size for a particular
evaluation line is the Euclidean distance between the
opposed points where the evaluation line intersects
the actual feature. If there are more than two intersecting
points, no size exists for this evaluation line.

10

size, surface control only exists for those portions of the
continuous feature that have opposed points as defined by
two intersections of an evaluation line with the feature
surface. For portions of the continuous feature with no
opposed elements, no actual local size exists.

(b) For the circular element definition of the actual
local size, surface control only exists where the inscribed
or circumscribed circle is sufficiently constrained by the
continuous feature in the cross section of evaluation.
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2.3.5 Limits for Irregular Feature of Size (Type b)  2.3.6 Variation of Size Under Rule #1 for Irregular
Features of Size
Rule #1 applies only to regular features of size. No stan-
dard syntax exists for requiring Rule #1 for irregular
features of size.

As shown in Figure 2-6, IFOSb may be specified using
profile tolerance. When the limits of “size” are defined by a
profile tolerance, there is no unique size actual value for
[FOSb. Nonmandatory Appendix D contains additional

discussion.
Figure 2-1 Irregular Features of Size (Type a), Collection of Features

(c) Parallel planes at maximum separation (d) Parallel planes at minimum separation

[2.3]

Fijgure 2-2 Symbols Used in the Definition of Size Figure 2-3 Conformance to Limits of Size, Irfternal
Feature of Size
sml ] 7 / G,
SN
s@ 5]
When perfect form at MMC is required
2.3.1
G(S',B)
2.31

11
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Figure 2-4 Examples of Surface Attributes Leading to
Variations in the Derived Median Line
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Section 3
Symbology

Tllere are no concepts in Section 3 of ASME Y14.5-2009

that

require mathematical definition.

13
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Section 4
Datum Reference Frames

4.1 GENERAL

This Sgction contains mathematical methods for estab-
lishing datums and datum reference frames from datum
featureson a part. Datum reference frames are coordinate
systems [used to locate and orient part features.

4.2 CONCEPTS

In this[Standard, sometimes it is explained that the part
d to be fixed in space and the datum reference
frame is pstablished in relation to the part. This approach
can be cqntrasted to the explanation in ASME Y14.5-2009,
where the datum reference frame is assumed to be fixed in
space arld the part is moved into the datum reference
frame. The two approaches are different, but the end
results are identical.

4.3 DEGREES OF FREEDOM

Per ASME Y14.5-2009

All paiits have six degrees of freedom, three translational
and threp rotational, which may be constrained by datum

feature neferences in a feature control frame. [4.2]

The thfree translational degrees of freedom are fermed x
(translatfion along X axis), y (translation along Y-axis),and z
(translatfion along Z axis). The three rotational degrees of
freedom|are termed u (rotation about'the X axis), v (rota-
tion abofit the Y axis), and w (rotation about the Z axis).

4.4 DA
(TH

Datuni
enced in
frame. S

FUM FEATURE SIMULATORS
EORETICAL)

features are identified on a drawing and refer-
an order, of precedence in the feature control
nce datum features have manufactured varia-
tions, pgrfect-datums cannot be directly derived from
these imperfect features. Theoretical datum feature simu-

4.4.1 Datum Feature Simulator Requirementy

Per ASME Y14.5-2009

Datum feature simulators shall have the\following re-
quirements:

(a) perfect form

(b) basic orientation relative to‘one another for alf the
datum references in a feature‘eontrol frame

(c) basic location relativéto*other datum feature s
lators for all the datum.references in a feature co
frame, unless a translation modifier or movable dd
target symbol is specified

(d) movableAdotation when the translation modifié
the movabledatum target symbol is specified

(e) fixed: at the designated size, when MMB or LMB is
specified

(f)-‘adjustable in size, when the datum feature applips at
RMB[4.5.2]

Referencing datum features in an order of precedenke in
a feature control frame establishes a series of datum
feature simulators. The size, form, orientation, locafion,
growth, or movement of these simulators is base¢l on
the datum feature modifier specified. This Standlard
expands the description of the datum feature simulator
requirements as follows:

(a) They shall be the perfect inverse shape (opp¢site
material counterpart) of the datum feature unless other-
wise specified.

(b) They shall have perfect basic orientation relati
one another as referenced in a feature control framn

(c) Theyshallhave perfectbasiclocationrelative tq one
another as referenced in a feature control frame unlgss a
translation modifier or movable datum target symbpol is
specified.

(d) They shall have movable location when the trapsla-
tion modifier or the movable datum target symbol is speci-
fied.

mu-
trol
tum

r or

ye to
e.

lators are perfect, and unless otherwise specified (see
para. 4.7.11), contact the imperfect datum feature at
its extremities or high points. These theoretical datum
feature simulators derive datums from the datum
features, constrain the part’s degrees of freedom, and
create a datum reference frame. In ASME Y14.5, there
are two types of datum feature simulators: physical
and theoretical. This Standard will only reference the
theoretical datum feature simulators.

14

(e) They shall be fixed at the designated MMB size,
when the datum feature is modified at MMB or fixed
at the designated LMB size, when the datum feature is
modified at LMB.

(f) They shall expand, contract, or otherwise progress,
in their order of precedence, to make maximum contact
with the datum feature when the datum feature is speci-
fied at RMB.
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4.5 CONSTRAINING DEGREES OF FREEDOM

Per ASME Y14.5-2009

Where datum features are referenced in a feature control
frame, the part is constrained in rotation and translation
relative to the applicable datum feature simulators in the
specified order of precedence with applicable modifiers that
establish the datum reference frame. [4.4]

This establishes the relationship between the part and

datum feature constrains three or more of the six
degrees of freedom. A lower precedence datum feature
shall not constrain any degrees of freedom already estab-
lished by any higher precedence datum feature. Therefore,
the secondary datum feature, if specified, only constrains
additional degrees of freedom that were not previously
constrained by the primary datum feature. The tertiary
datum feature, if specified, only constrains the remaining
degree of freedom that was not previously constrained by

dat £, £
P COTIT TCTCTCTIC T TT AaTTIcys

the

4.5]1 Primary Datum Feature Types and
Constrained Degrees of Freedom

The following primary datums are derived from the
assdciated datum feature simulator:

(d) Aplanar datum feature (nominally flat) establishes
a dafum feature simulator that creates a datum plane and
congtrains three degrees of freedom (one translation and
twol| rotations). Refer to Cases 3.1 through 3.18 in
Table 4-4.

(H) A width as a datum feature (two opposed parallel
surfpces) establishes a datum feature simulator that
credtes a datum center plane and constrains three
degtees of freedom (one translation and two rotations).
Refdr to Cases 3.1 through 3.18 in Table 4-4.

(d) A spherical datum feature establishes a datum
featpire simulator that creates a datum center point
and|constrains three translational degrees of freedom.
Refdr to Cases 1.1 through 1.14 in Table 4-2.

(d) A cylindrical datum feature establishes a datum
featyire simulator that creates a datum axis and constrains
four{degrees of freedom (two translations andtwo rota-
tion§). Refer to Cases 2.1 through 2.20 in-Table 4-3.

(d) A conical datum feature establishes a-datum feature
simylator that creates a datum axis and'a datum point and
congtrains five degrees of freedom (three translations and
two[rotations). Refer to Cases 4.1 through 4.4 in Table 4-5.
(f] A datum feature of lidear extruded shape estab-
lish¢s a datum feature simulator that creates a datum
plarle and a datum axis\ahd constrains five degrees of
freedom (two translations and three rotations). Refer
to Cpses 5.1 through 5.4 in Table 4-6.

(d) A complex-datum feature establishes a datum
feathire simwator that creates a datum plane, datum
poirjt, andva ‘datum axis and constrains six degrees of

freeflom -(three translations and three rotations). Refer
to Case-6-1inTable4-7-

the primary and secondary.

NOTE: It is possible lower precedence datum featur¢s are not
needed because the higher precedence datum“feature(s) have
constrained all six degrees of freedom.

4.5.3 Partially Constrained Datum Refergnce
Frame

A fully constrained\datum reference frame is
constrained in all tlitee translational directidns (x, y,
and z) and all three’rotations (u, v, and w). D¢pending
on how a desighated feature is toleranced from a
datum referénce frame, a partially constrained datum
reference frame may be sufficient to define the tolerance
zone for the designated feature. For example, if the datum
reference frame is defined by only a plane (Cake 3.1 in
Table 4-4), then it is sufficiently constrained o define
the parallelism tolerance zone for the dedignated
feature with respect to the datum plane.

4.5.4 Datum Reference Frames for Composite
Tolerances

In composite tolerancing, the feature-relatipg toler-
ances (lower segments of the feature control frame)
control only the rotational degrees of freedovlﬂ for the
pattern. The datum reference frame for such a folerance
releases the translational degrees of freedom hormally
constrained by the procedures given above.

4.5.5 Customized Datum Reference Fram

ASME Y14.5-2009, subsections 4.22 and 4.23| address
customized datum reference frames. Customizgd datum
reference frames are used to override the ddgrees of
freedom constrained by datum features in an |order of
precedence. The degrees of freedom to be constrained
by each datum feature shall be explicitly stated by
placing the designated degree of freedom (X, ¥, z, u, v,

BS

4.5.2 Datum Feature Order of Precedence in a
Datum Reference Frame

Datum features are specified in an order of precedence
to relate the part to the datum reference frame. This order
of precedence (e.g., primary, secondary, and tertiary)
specified in the feature control frame determines
which degrees of freedom each datum feature shall
constrain. Unless otherwise specified, the primary

15

w) brackets behind each datum feature reference. This
Standard does not show the possible combinations of
customized datum reference frames.

4.6 TABULATION OF DATUM REFERENCE FRAMES

This subsection presents tables of datum reference
frames organized by the geometry of the primary datum.

Table 4-1 presents the symbols used in the rest of the
Section.


https://asmenormdoc.com/api2/?name=ASME Y14.5.1 2019.pdf

ASME Y14.5.1-2019

Tables 4-2 through 4-7 show all valid combinations of
noncustomized datum reference frames and, for each case,
the free degrees of freedom (DOF), the invariants, and the
conditions under which the datum reference frame is
valid. An invariantin a datum reference frame is a quantity
(distance or angle) that does not change under uncon-
strained degrees of freedom allowed by that datum refer-
ence frame. (See Table 4-8.)

Coordinate system labels are somewhat arbitrary

4.7.1 Establishing a Candidate Datum Set

Paragraphs 4.7.2 through 4.7.6 establish the process for
associating candidate datum sets with individual datum
features. While a candidate datum setis associated with an
individual datum feature, datum precedence is used in the
definition. The candidate datums from these sets are used
to construct the candidate datum reference frames as
described in para. 4.7.8.

unless the coordinate system is labeled on the
drawing| However, generally, the following conventions
apply. If the primary datum is a point, it establishes
the origip. If the primary datum is an axis, it establishes
the z codrdinate axis. If it is a plane, it establishes the x-y
coordingdte plane (and hence the direction of the z axis).
Seconddry and tertiary datums establish additional
elementg of the coordinate system.

The eample in Figure 4-1 is a specific row from Table
4-3.

Figurd 4-1 shows Case 2.8: a datum reference frame
consistifjg of a primary datum axis, a secondary datum
axis, and no tertiary datum. The validity conditions indi-
cate thatlthis case applies only if the two axes (A and B) are
not equal and are parallel. The only free degree of freedom
is translation along the z axis. As a result, the invariants
include ¥ and y coordinates, and all angle relationships
between| features and the datum reference frame.

4.7 CANDIDATE DATUM SETS AND CANDIDATE
REFERENCE FRAME SETS

Sometimes multiple valid datum reference frames(may
be estabflished from a set of datum features. This’ may
happen for multiple reasons:

(a) A datum feature is referenced at MMB or LMB and
the datym feature is allowed displacement due to its
departutle from MMB or LMB.

(b) A Hatum reference frame dees. 1ot constrain all six
degrees pf freedom (see para.4:5:3).

(c) THe datum feature simtilator does not make unique
contact with the datum €eature (if the datum feature
“rocks”)|Some exampléesof this are a nominally specified
flat surfdce manufactured convex, a cylinder specified at
RMB produced tapered or barreled, or a width specified at
RMB prqduced.tapered or diamond shaped.

The s¢t of-all possible candidate datums that can be
established from a datum feature is called a candidate

4.7.2 Types of Datum Features

The method of establishing datums depends,on the kype
of datum feature (e.g., flat surface, cylinder, width, sphgre),
the datum feature precedence (primaty, .secondary, or
tertiary), and sometimes the material -condition of the
datum reference (RMB, MMB, or LMB).

The following classification of datum features is us
paras. 4.7.3 through 4.7.6:

(a) planar datum featdres

(b) datum features of’size that are cylinders, wi
and spheres

(1) referenced at RMB
(2) referénced at MMB
(3) referenced at LMB

This Standard does not specify how to establish cgndi-

date datum sets for screw threads, gears, or splines.

bd in

iths,

4.7.3 Planar Datum Features

Because of the imperfections in the datum featyre’s
form, the candidate datum set may consist of more
than one datum. This is equivalent to “rocking”| the
datum feature on a perfect plane. The definition b¢low
limits the amount that the datum feature can “rock” in
a manner that is roughly proportional to the form varia-
tion of the datum feature.

(a) Primary Planar Datum Features. The candiflate
datum set for a nominally flat primary datum feafture
is defined by the following procedure:

(1) Consider a plane P which is an external surfafe of
support for the datum feature. Let C be the set of contact
points of the datum feature and P.

(2) Consider an arbitrary line L in P. Orthogonally
project each point on the boundary of the dajtum
feature onto L, giving the line segment L'. Consjider
regions of L' that are within some fraction x of| the
endpoints of L. That is, if the length of L' is n, congider

datum set. Since a datum feature may generate more
than one datum, multiple datum reference frames may
exist for a single feature control frame. The set of all
possible candidate datum reference frames established
from one or more datum features is called a candidate
datum reference frame set.

16

Tegions of L within a distance xa of the endpoints of L'.
Unless otherwise specified on the drawing, the value of x
shall be 1/3. If all of the orthogonal projections of the
points in C are within either single region, then plane
P is rejected as a valid datum plane.

(3) Do this for all lines in P.

NOTE: Parallel lines will yield identical results.

If no line rejects P, then P is a candidate datum for the
datum feature.
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The procedure is illustrated in Figure 4-2, which shows
one line direction L. The line segment L’ is bounded by the
projection of the datum feature onto L. The particular line
direction illustrated in the figure does not reject P as a
valid datum plane since the projections of the contact
points onto L are not all in region 1 or all in region 2
of L',

NOTE: Only the direction of L in the plane P is important. P is a
candidate datum for the datum feature if it is not rejected by any

or tertiary datum features, the simulators are constrained
to be basically oriented and, if applicable, basically located
to the higher precedence datums.

(b) Width (Both Internal and External). The candidate
datum set for a width is the set of all center planes of all
datum feature simulators of the datum feature. For
secondary or tertiary datum features, the simulators
are constrained to be basically oriented and, if applicable,
basically located to the higher precedence datums.

line Hirection in P.

(H
RMH
daty

Secondary Planar Datum Features Referenced at
. The candidate datum set for a secondary planar
m feature is determined by one of the following:
(1) Ifthe primary datum is a point, use the procedure
for p primary planar datum feature to establish the
secdndary datum.
(2) Ifthe primary datum is an axis nominally perpen-
dicullar to the secondary datum, then, for each candidate
datym in the candidate datum set for the primary datum
featyire, the secondary datum is the unique plane which is
perpgendicular to that primary datum and which forms a
surfhce of support for the secondary datum feature.
(3) If neither (1) nor (2) applies, use the procedure
h primary planar datum feature modified in the
follpwing ways: Given a primary datum from the
primary candidate datum set, each plane P being consid-
ered as a secondary datum must be basically oriented to
the primary datum. Also, each line L in P being considered
mugt be perpendicular to the direction vector of the
ary datum. (Only one line in P must be considered.)

for

: If the secondary datum feature is referenced at MMB,
or BASIC, the secondary datum feature-$imulator is
locatled at the specified boundary or distance(

(d) Tertiary Planar Datum FeaturesReferenced at RMB.
If the first two datums leave a/retational degree of
freedom, then the candidate datum set is formed by
the procedure for a primary planar datum feature modi-
fied such that each plane P being considered must be basi-
callyf oriented relative tothe datums of higher precedence,
and jone line L is to be'considered, which must be perpen-
dicullar to the axis-established by the higher precedence
datyms. If the firsttwo datums do not leave a rotational
degtee of freédom, the candidate datum set consists of the
planje which\is basically oriented relative to the datums of
highler precedence and which forms a surface of support
for theldatum feature

Figure 4-3 shows an example of a tertiary daturn feature
simulator specified at RMB oriented and located to higher
precedence datums. Datum center plane,'Cin the figure
must be established from the datumpfeature upder the
constraint that the simulator is-oriented t¢ datum
plane A and oriented and located.to datum axi$ B.

(c) Sphere (Both Internal and*External). The candidate
datum set for a sphere is/the ‘set of center points of all
datum feature simulators.ef the datum feature

at MMB

(a) Cylinder [External] {Internal}. The candidilnte datum
set for a cylinder is the set of axes of all datum feature
simulatgpsvof MMB size that [enclose] {are ¢nclosed
within} the datum feature. For secondary or|tertiary
datuim/features, the simulators are constrained t¢ be basi-
cally oriented and, if applicable, basically locat¢d to the
higher precedence datums.

(b) Width [External] {Internal}. The candidate datum
set for a width is the set of center planes of all datum
feature simulators of MMB size that [enclojse] {are
enclosed within} the datum feature. For secondary or
tertiary datum features, the simulators are corstrained
to be basically oriented and, if applicable, asically
located to the higher precedence datums.

(c) Sphere [External] {Internal}. The candidate datum
set for a sphere is the set of center points of all datum
feature simulators of MMB size that [enclose] {are
enclosed within} the datum feature. For secondary or
tertiary datum features, the simulators are corlstrained
to be basically located to the higher precedence datums.

4.7.5 Datum Features of Size Referenced

at LMB

(a) Cylinder [External] {Internal}. The candidate datum
set for a cylinder is the set of axes of all datum feature
simulators of LMB size that [are enclosed|within]
{enclose} the datum feature. For secondary o1 tertiary

4.7.6 Datum Features of Size Referenced

NOTE: Ifthe tertiary datum feature is referenced at MMB, LMB, or
BASIC, the tertiary datum feature simulator is located at the
specified boundary or distance.

4.7.4 Datum Features of Size Referenced at RMB

(a) Cylinder (Both Internal and External). The candidate
datum set for a cylinder is the set of axes of all datum
feature simulators of the datum feature. For secondary

17

datum features, the simulators are constrained to be basi-
cally oriented and, if applicable, basically located to the
higher precedence datums.

(b) Width [External] {Internal}. The candidate datum
set for a width is the set of center planes of all datum
feature simulators of LMB size that [are enclosed
within] {enclose} the datum feature. For secondary or
tertiary datum features, the simulators are constrained
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to be basically oriented and, if applicable, basically located
to the higher precedence datums.

(c) Sphere [External] {Internal}. The candidate datum
set for a sphere is the set of center points of all datum
feature simulators of LMB size that [are enclosed
within] {enclose} the datum feature. For secondary or
tertiary datum features, the simulators are constrained
to be basically located to the higher precedence datums.

tion and profile tolerances that are located by basic dimen-
sions, related to common datum features referenced in the
same order of precedence at the same boundary conditions.
[4.19]

All features with simultaneous requirements must use
the same candidate datum reference frame in the candi-
date datum reference frame set.

4.7.11 Alternate Stabilization Procedures

4.7.7 Tfa

Per AJME Y14.5-2009

Wherdit is necessary to indicate that the basic location of
the datun feature simulator is unlocked and the datum
feature dimulator is able to translate to fully engage the
feature, the translation modifier is added to the feature
control frame following the datum feature reference and
any othey applicable modifiers. [4.11.10]

The datum feature simulator is constrained to be basi-
cally orignted but not basically located to the higher prece-
dence d3tums. See Figure 4-4.

4.7.8 Eptablishing a Candidate Datum Reference
Frame Set

The cqnstruction of a particular candidate datum refer-
ence frame shall proceed as follows:

(a) Alprimary datum is selected from the candidate
datum sg¢t associated with the primary datum feature.

(b) Iffa secondary datum is called out, the choice of
primary|datum establishes, by the rules of the former
subsectipns, a candidate datum set for the secondaty

feature Jstin.conformance to the tolerance. There is a
candidateactuat-valueassocia i 3 i
datum reference frame in the candidate datum reference
frame set. The actual value associated with the tolerance is
the minimum candidate actual value.

cu W C dIIUIUdLE

4.7.10 Simultaneous Requirements

Per ASME Y14.5-2009

A simultaneous requirement is where two or more
geometric tolerances apply as a single pattern or part
requirement. A simultaneous requirement applies to posi-

18

In accordance with ASME Y14.5-2009, if irregularfities
on a datum feature are such that the part is unstable when
brought into contact with the corresponding datum
feature simulator, the default stabilization\procedute is
per the candidate datum set as outlined/in‘this Standard.
ASME Y14.5-2009 does allow for différent stabilizdtion
procedures to be specified. When, a single solution |that
minimizes the separation between the feature and the
simulator is specified the“default procedure |is a
constrained L2 for datdm features of size and|the
constrained L2 applied to the external envelopg for
planar datum features.

The background and details of this procedure cap be
found in Nogtandatory Appendix B.

Table 4-1 Symbols for Datum Reference Frame Taples

Symbol Description

Primary datum

B Secondary datum

C Tertiary datum

PT Point

AX Axis

PL Plane

{LI ...} Line through ...

{LI ... } Line through ... such that ... is true

# Not coincidental with

c Contained within

o Not contained within

|| Parallel with

1 Perpendicular to

A Logical AND

\Y Logical OR (one or the other, or both

- Logical NOT

n Intersection

X, y,Z Position in a Cartesian coordinate system

u, v, w Rotation about x, y, z axis, respectively

Yz Angle relative to datum axis z

r Spherical radius: \/xz +y2 + 22

Pz

Cylindrical radius: /x> + y?

No entry (e.g., not applicable, none)
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Table 4-2 Point as Primary Datum (Spherical Datum Feature)

Datums
Case A B C Free DOF Invariants Validity Conditions
1.1 PT — — u v, w r —
1.2 PT PT — w Ow Z, Vs A#B
1.3 PT PT PT — All (A#B)A(Ce {LI AB})
1.4 PT PT AX — All (A#B)A(C={LI AB})
1.5 PT PT PL — All (A#B)A-(CL{LIAB})
1.6 PT AX — — All A¢B
1.7 PT AX — w Pu Z Vs AcB
1.8 PT AX PT — All (A B} (C { B)
1.9 PT AX AX — All (AAcB)A(BECQ)
1.10 PT AX PL — All AcBA-(BLO
1.11 PT PL — w Pz Z, V2 —
1.12 PT PL PT — All C¢ {LI A: LI} B}
1.13 PT PL AX — All C# {LI A: LI { B}
1.14 PT PL PL — All - (C|| B)
Table 4-3 Axis as Primary Datum (Cylindical‘Datum Feature)
Datums
Cape A B C Free DOF Invariants Validity Conditions
2.1 AX — — zZ, W Pz V2 —
2p AX PT — — All Bz A
2B AX PT — w Pw 2, V2 BcA
2.4 AX PT PT — All (BcAA(Cz A
2p AX PT AX — All (BcA)A(A%C
2p AX PT PL — All BcA)A-(ALO
2y AX AX - — All (A+B)A-(A]l|B)
2.B AX AX — A X, ¥, UV, w (A#B)A(A]| B
2p AX AX PT — All (A#B)A(A]l B
2.10 AX AX AX — All (A#B)A(A||B)N-(A]l O
211 AX AX PL — All (A#B)A(A]|B)N-(A]l O
212 AX PL — — All - ((AllB)V(A4B)
213 AX PL — A X, ¥, U V,w A || B (including [A c B)
2.14 AX PL — w Pw 2, V2 AL1B
2.15 AX PL PT — All Al B
2.16 AX PL PT — All (ALB)A(CEA
217 AX PL AX — All (Al BYA=(A]]|O)
2.18 AX PL AX — All (ALB)A(A=C
2.19 AX PL PL — All AllBYA- (A0
2.20 AX PL PL — All (ALB)A-(AL()

19
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Table 4-4 Plane as Primary Datum (Planar or Width Datum Feature)

Datums

Case A B C Free DOF Invariants Validity Conditions

3.1 PL — — X,y W Z, Yz -

3.2 PL PT — w 0w Z, Va —

3.3 PL PT PT — All C ¢ {LIB: LI L A}

3.4 PL PT AX — All C# {LI B: LI L A}

35 PL PT PL — All SAllQ

3.6 PL AX — — All -((A||B)V (A LB)

3.7 PL — w Pw 70 Va ALB

3.8 PL AX — X y,Z, U, V, W A|lB

3.9 PL AX PT — All (AL1B) A (C\¢ B)

3.10 PL AX PT — All AllB

3.11 PL AX AX — All (A 2B)A (B 2 C)

3.12 PL AX AX — All (AJ|B)A- (B Q)

3.13 PL AX PL — All (ALB)A-(BLC)

3.14 PL AX PL — All (AllBYA- (B C)

3.15 PL PL — X v, Z, U, vV, W - (Al B)

3.16 PL PL PT — All - (Al B)

3.17 PL PL AX — All ~(A[|B)A-(C||{LI(ANB)})

3.18 PL PL PL — All ~(A||B)A-(C||{LI(ANB)})
Table 45 Coincident Axis and Point as Primary Datum Table 4-8 Generic Invariant Cases

(Conical Datum Feature) Index Invariant Cases Case Number(s)
Datums Free Validity 1 r 11

Case A B C DOF Invariants Conditions 2 Pz Vo 21
4.1 AX|& PT — — w Pz Z Vz — 3 Pw Z Yz 1.2,1.7,1.11,2.3,2.14,3.2,3f,4.1
42  AX[&PT PT — — Al B¢ A 4z, 3.1
4.3 AX|& PT AX — — All A#B 5 X,y,u,v,wory,zuv,w 2.8, 213, 3.8, 3.15, 5.1
44  AX|&PT PL — — All <+ (AL1LB) 6 All All others

Table 4-6 Axis and Plane as Primary Datum (Linear
Extruded Shape Datum’ Feature)

Datums

Free Validity
Case A B C DOF Invariants Conditions
5.1 AX|& PL — —+ Z X,y,0V,w —
5.2 AX|&PL PT,/ — — All —
53 AX|&PL AX\Y — — All - (Al B)
54  AX|& PL-BL - - All - (Al B)

Table 4-7 Axis Point and Plane as Primary Datum
(Complex Datum Feature)

Datums
Case A B C

6.1 AX, PT &
PL

Free
DOF

Validity
Conditions

Invariants
All

20
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Figure 4-1 Example From Table 4-3 — Axis as Primary Datum

Datums
Case| A | B | C | Free DOF | Invariants | Validity Conditions
28 |AX|AX|— |z x,y,u,v, w|[(A#B)A (A || B)

Figure 4-2 Example of Testing Whether a Plane Is a Valid Datum Plane

Possible contact points

Region 1

Region 2
L’

L- Any line on a plane P
L’- Line segment cooresponding to the projection of the/datum feature on L
Region 1 & 2 - regions at the end of L', each with length xL'(default x= 1/3)

[47.

Permissible candidate
datums from the part above

Not a permissible candidate datum because
all contact points lie within the same region
(default 1/3 L' of the end points)

21
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Figure 4-3 Tertiary Datum Feature Simulator Is Basically Located and Oriented

This on the orthographic views
5.0-5.1

[ [o.1@]A[B]

Means this

Secondary datum feature simulator

Datum reference frame

150@IA]
2X $4.0-4.2
(¢ [go2@[A[B[C] [B]
| 1 | [=]o.05
[

4.7.4

Tertiary, datum
feature’simulator
is-basically

located and oriented
16 the higher
precendence datums

Figure 4-4 Example of Translation Modifier

This| on the orthographic views

5.0-5.1

(& [o.1®@]AlB]

2X BE0- 4.2
| &-[Bo2@[A[B]

Means (this

Secondary datum feature simulator

Datum reference frame

Tertiary datum
feature simulator

is basically oriented
only to the higher
precendence datums

4.7.7
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Section 5
Tolerances of Form

5.1 |GENERAL

This Section establishes the principles and methods for
the nathematical evaluation of ASME Y14.5-2009 dimen-
sionfing and tolerancing to control the form of features.

5.2
P¢

FORM CONTROL

r ASME Y14.5-2009

F¢rm tolerances control straightness, flatness, circu-
larity, and cylindricity. When specifying a form tolerance,
condideration must be given to the control of form already
estaplished through other tolerances such as size (Rule #1),
orieptation, runout, and profile controls. [5.2]

SPECIFYING FORM TOLERANCES

r ASME Y14.5-2009
rm tolerances critical to function and interchange-
ty are specified where the tolerances of size do not
ide sufficient control. A tolerance of form may be spéci-
here no tolerance of size is given (e.g., in the control of
ess after assembly of the parts). A form tolerance speci-
fies p zone within which the considered fedtuve, its line
elements, its derived median line, or its derived median
plane must be contained. [5.3]
While the shape of the tolerance-zone is defined (a cyl-
indgr, a zone bounded by two concentric cylinders, a zone
bounded by two concentric cireles; a zone bounded by two
pardllel planes, or a zone bounded by two parallel lines),
the pxtent of the tolerafice zone (e.g., the length of the
cylipder) must also beconsidered. The following two
cases are to be considered:

(d) The extent-of the tolerance zone is restricted to
confrol a limited area or length of the surface shown
by alchaindinedrawn parallel to the surface profile dimen-
sioned fet) length and location.

(H]_Inall other cases, the extent of the tolerance zone is

5.3

P¢
Fd
abil
prov
fied
flatn

Form tolerances are applicable to single\(individual)
features or elements of single features; therefore, fdrm toler-
ances are not related to datums. The following subpara-
graphs cover the particulars of the. form tolprances:

straightness, flatness, circularity,\and cylindricity. [5.4]

5.4.1 Straightness

Per ASME Y14.5-2009

Straightness is a condition where an element of
or derived median line, is a straight line. A strd
tolerance specifiesia tolerance zone within which tH
ered element df a surface or derived median line n
straightness/tolerance is applied in the view W
elements to be controlled are represented by a
line 5:4.1]

5.4.1.1 Straightness at RFS of a Cylinder (Appliedtoa
Derived Median Line)

1 surface,
ightness
e consid-
ust lie. A
here the
straight

(a) Definition. A straightness tolerance at RF{ of a cyl-
inder specifies that the derived median line must lie within
some cylindrical zone whose diameter is the $pecified
tolerance. A straightness zone for a derived| median

line is a cylindrical volume consisting of all point$ P satis-

fying the condition

~ - — t
T X <P - A )‘ <=
2
where
7 = any point on the center line of the strgightness

zone

T = the direction vector of the straightnesg axis
t = the diameter of the straightness zone
(b) Conformance. A cylindrical feature confofrms to a

s of the
zone as

straightness tolerance at RFS ¢, if all point
derived median line lie within a cfrqighfnpcc

limited to the actual feature surface. For a derived median
line or a derived median plane the extent is defined by
projecting the actual surface points onto the derived
median line or derived median plane.

5.4 FORM TOLERANCES
Per ASME Y14.5-2009

23

defined above with t = t,. That is, there exist T and 71_)

such that with t = t,, all points of the derived median
line are within the straightness tolerance zone.

(c) Actual Value. The actual value of straightness at RFS
of a cylinder is the smallest straightness tolerance to
which the derived median line will conform.
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5.4.1.2 Straightness at MMC/LMC of a Cylinder
(Applied to a Derived Median Line)

(a) Definition. A straightness tolerance at MMC/LMC of
a cylinder specifies that the actual surface must not violate

the virtual condition boundary. Per ASME Y14.5-2009
The collective effect of size and form variation can

produce

a virtual condition or outer or inner boundary

equal to the MMC/LMC size plus the straightness tolerance.

1—,’8 ~ a point on the surface, contained by the cutting
plane
T = the direction vector of the center line of the
straightness zone
t = the size of the straightness zone (the separation

between the parallel lines)

Figure 5-1 illustrates a straightness zone for surface

line

elements of a cylindrical feature. Figure 5-2 illustrates a

[5.4.1.2] - -
No refolved geometry interpretation is provided for straightness zone for surface line elements of a-planar
. . feature.
MMC or|LMC tolerances. The surface interpretation for .
straightihess at MMC/LMC of a cylinder is that the (b) Conformance. A surface line element confornys to
o S the straightness tolerance ty for a cutting plane if all
surface pf an actual cylindrical feature must lie within . ) R
(or withput for a hole) the virtual condition boundary. points of the surface line element lie withiin some strajght-

(b) Cdnformance. A cylindrical feature conforms to a ness zone as defined above with t = t,. That is, there exjst T
straighness tolerance at MMC/LMC if all surface  3nq 2" such that with ¢ = t,, all points of the surface|line
points lle within the virtual condition boundary (or o .
without for a hole) element are within the straightness tolerance zone,

(c) Adeual Value. The actual value of straightness at A surface conforms to the straightness tolerance ¢ if it
MMC/LMIC of a cylinder is the smallest straightness toler- conforms simultaneously for all toleranced surface|line
ance to Which feature will conform elements corresponding to the actual mating envelgpe.

' (c) Actual Valtie: The actual value of straightness for a

5.4.1.]
() D

element
must lie

b Straightness of Surface Line Elements

finition. A straightness tolerance for the line
5 of a feature specifies that each line element
in a zone bounded by two parallel lines which

are separated by the specified tolerance and which are

in the cy

When
tudinal e
contains
of the cy]
ance is
controlld

Astra
between

tting plane defining the line element.

a straightness tolerance is applied to the longi-
lements of a cylindrical feature, the cutting plane
the axis of the unrelated actual mating envelope
inder. For a planar surface, a straightness-toler-
hpplied in the view where the elements to be
d are represented by a straight line.

gshtness zone for a surface line element is an area

parallel lines consisting of all points p satisfying

surface is the.smallest straightness tolerance to whiclp the

surface will conform.

5.4.2_Flatness

Per ASME Y14.5-2009

Flatness is the condition of a surface or derived m¢
plane having all elements in one plane. A flatness toler|
specifies a tolerance zone defined by two parallel pl
within which the surface or derived median plane
lie. [5.4.2]

5.4.2.1 Flatness of a Planar Surface

(a) Definition. A flatness tolerance of a plane speq
thatall points of the surface mustlie in some zone bou
by two parallel planes which are separated by the sj

dian
ince
anes
nust

ifies
nded
beci-

the condition fied tolerance.
~ - — t . .. . g
‘T X (P A )‘ < - A flatness zone is a volume consisting of all poinks P
2
satisfying the condition
and > —> ¢
‘T-(P - A )‘ < —
= [ —> 2
Cp-(P - PS) =0
ez - ) =o where
P'< - S) - 2 = any point on the mid-plane of the flatness zone
’C\p~f = U f —thedirectiomr vector of the pcualllcl [J‘lc nes
defining the flatness zone
where t = thesize of the flatness zone (the separation of the
7 = any point on the center line of the straightness parallel planes)
zone
Cp = thenormal to the cutting plane; perpendicular to (b) Conformance. A feature conforms to a flatness toler-
N, and perpendicular to the mating axis for cy- ance t if all points of the feature lie within some flatness
lindrical surfaces or parallel to the view surface  ;one as defined above, with t = to. Thatis, there exist T and
normal for planar surfaces
N = the mating envelope surface normal

24
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X) such that with t = ¢, all points of the feature are within

the flatness tolerance zone.

(c) ActualValue. The actual value of flatness for a planar
surface is the smallest flatness tolerance to which the
surface will conform.

5.4.2.2 Flatness at RFS of a Width

(a) Defmmon A flatness tolerance at RFS of a width
spegq
musft lie in some zone bounded by two parallel planes
whi¢h are separated by the specified tolerance.

Alflatness zone is a volume consisting of all points P

sati§fying the condition

~ ([ @ — t
T~<P—A)|§E

whejre
al = any point on the mid-plane of the flatness zone
7 = the direction vector of the parallel planes
defining the flatness zone
¢ = thesize of the flatness zone (the separation of the

parallel planes)

(H) Conformance. A width conforms to a flatness toler-
ancgq tp at RFS if all points of the derived median plane lie
witlin some flatness zone as defined above, with t = t,.

Thatis, there existT and I) such that with t = t,, all points

of tHe derived median plane are within the flatnesstoler-
ancg zone.

(q) Actual Value. The actual value of flatnessat RFS for a
width is the smallest flatness tolerancé to which the
deriyed median plane will conform.

5/4.2.3 Flatness at MMC/LMC(of) a Width Feature

(d) Definition. A flatness tolerance at MMC/LMC of a
width specifies that actual Surface must not violate the
virtgal condition boundary. The collective effect of size
and|form variationtcah produce a virtual condition
boundary equal tothe MMC/LMC size plus/minus the flat-
nesq tolerance.

Np resolvéd geometry interpretation is provided for
MMC( or LMC+tolerances. The surface interpretation defi-
nitign forflatness at MMC/LMC of a width is that the actual
width feature must lie within (or without for a slot) the

5.4.3 Circularity (Roundness)

Per ASME Y14.5-2009

Circularity is a condition of a surface where

(a) for a feature other than a sphere, all points of the
surface intersected by any plane perpendicular to an
axis or spine (curved line) are equidistant from that axis
or spine;

(b) for a sphere all pomts of the surface intersected by
i : : 51 4 areequidistant
from that center.

A circularity tolerance specifies a tolerancezonelbounded
by two concentric circles within which each circulal element
of the surface must lie, and applies,independent|y at any
plane described in (a) and (b) above/ [5.4.3]

(a) Definition. A circularity, telérance specifies that all
points of each circular element of the surface mpust lie in
some zone bounded by twe concentric circles whose radii
differ by the specified“tolerance. Circular elements are
obtained by taking.eross sections perpendicular to
some spine. For & sphere, the spine is zero-dinjensional
(a point), and for/a cylinder, cone, torus, or othgr swept-
sphere shape, the spine is one-dimensional (a simple, non-
self-intersécting, tangent-continuous curye). The
conceéntric circles defining the circularity Jone are
centered on, and in a plane perpendicular to, the spine.

A circularity zone at a given cross section is ar} annular

area consisting of all points P satisfying the following con-

ditions:
~ (> —
T-(P — A ) =0
and
- —> t
-] <t
2
where

A~ any point on the spine
r = a radial distance (which may vary between
circular elements) from the spine to thje center

of the circularity zone (r > 0 for all|circular
elements)

T = foracylinder or cone, a unit vector that i tangent

. — . .
to the spine at A . For a sphere, T is a unit vector

that points radially in all directions frqm Y

virtual condition boundary.

(b) Conformance. A width conforms to a flatness toler-
ance at MMC/LMC if all surface points of the feature lie
within the virtual/resultant condition boundary (or
without for a slot).

(c) Actual Value. The actual value of flatness at MMC/
LMC for a width is the smallest flatness tolerance to which
the derived median plane will conform.

t = the size of the circularity zone

Figure 5-3 illustrates a circularity zone for a circular
element of a cylindrical or conical feature.

(b) Conformance. A cylindrical or conical feature
conforms to a circularity tolerance ¢, if there exists a

one-dimensional spine such that at each point A of

the spine the circular element perpendicular to the
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A, . .
tangent vector T at A" conforms to the circularity toler-

ance to. Thatis, for each circular element there exist A" and

rsuch that with t = ¢y, all points of the circular element are
within the circularity tolerance zone.

A spherical feature conforms to a circularity tolerance t,
if there exists a point (a zero-dimensional spine) such that

each circular element in each cutting plane containing the
point copforms-to-the nivpnlqm'fy tolerance f-U That Gc’ for

(a) Definition. A cylindricity tolerance specifies that all
points of the surface mustlie in some zone bounded by two
coaxial cylinders whose radii differ by the specified toler-
ance.

A cylindricity zone is a volume between two coaxial cyl-

inders consisting of all points P satisfying the condition

. A —
each cirdular element there exist T, r, and a common A

such thaf with t = t,, all points of the circular element are
within the circularity tolerance zone.

(c) Adtual Value. The actual value of circularity for a
feature |s the smallest circularity tolerance to which
the featyre will conform.

5.4.4 Qylindricity

Per ASME Y14.5-2009

Cylindricity is a condition of a surface of revolution in
which all points of the surface are equidistant from a
commonl|axis. A cylindricity tolerance specifies a tolerance
zone bounded by two concentric cylinders within which the
surface tust lie. In the case of cylindricity, unlike that of
circularity, the tolerance applies simultaneously to both
circular|and longitudinal elements of the surface (the
entire surface). [5.4.4]
NOTE: The cylindricity tolerance is a composite control of form

whichincjudes circularity, straightness, and taper of a cylindrical
feature.

~ - — t
’TX(P—A)‘—r <-
2
where
A = any point on the cylindricity axis
r = the radial distance from the cylindrieity axjs to
the center of the zone
T = the direction vector of the gylindricity axis
t = the size of the cylindricity"zone
(b) Conformance. A feature conforms to a cylindricity

tolerance t ifall points of the'feature lie within some c
dricity zone as defined abeve with t = ty. That is, there

T, 7, and r such thatwith ¢t = ¢y, all points of the featur

ylin-
pXist
b are

within the cylind¥ficity tolerance zone.

(c) ActualValte. The actual value of cylindricity
surface is‘the 'smallest cylindricity tolerance to whi
will corform.

or a
ch it
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Figure 5-1 Evaluation of Straightness of a Cylindrical Surface

This on the orthographic views

P

(—lo1]

Means this

o

[5.4143
Figure 5-2 Evaluation of Straightness of a Planar Surface
This on the orthographic views Means this
—To1]
[5[4.1.3

Figure 5-3 Illustration of Circularity Tolerance Zone for a Cylindrical or Conical Feature

This on the orthographic, view

[Oloo

Means this

Possible
cross-sections

5.4.3

Circularity zone

Circular element

27



https://asmenormdoc.com/api2/?name=ASME Y14.5.1 2019.pdf

ASME Y14.5.1-2019

Section 6
Tolerances of Orientation

6.1 GEIIIERAL

This S
mathem|
sioning
features

pction establishes the principles and methods for
htical evaluation of ASME Y14.5-2009 dimen-
and tolerancing to control the orientation of

6.2 OR

Per Af

An orig
and all d
tion tole
flatness
the flatn
cient,as
orientat
features.
eration
establish
runout, (

ENTATION CONTROL

ME Y14.5-2009

ntation tolerance controls parallel, perpendicular,
ther angular relationships. Note that an orienta-
rance, when applied to a plane surface, controls
bo the extent of the orientation tolerance. When
bss control in the orientation tolerance is not suffi-
parate flatness tolerance should be considered. An
fon tolerance does not control the location of
When specifying an orientation tolerance, consid-
hust be given to the control of orientation already
ed through other tolerances such as location,
nd profile controls. [6.2]

6.3 SPECIFYING ORIENTATION TOLERANCES

Per ASME Y14.5-2009

When kpecifying an orientation tolerancesthe considered
feature shall be related to one or more datuins. Orientation
tolerances are constrained only in notational degrees of
freedom|relative to the referenced datums; they are not
constrained in the translatignal”degrees of freedom.
Thus, with orientation tolerances, even in those instances
where ddtum features mayconstrain all degrees of freedom,
the tolenance zone onlyorients to that datum reference
frame. Syifficient datuny features should be referenced to
constralin the fequired rotational degrees of the
freedom| If the primary datum feature alone does not
constran_sufficient degrees of freedom, additional
datum fdatures may be specified. [6.4]

(b) atolerance zone defined by two parallel planes.alt the
specified basic angle from, parallel to, or perpendiculgr to
one or more datum planes or a datum axis, within which the
axis of the considered feature must lie.

(c) a cylindrical tolerance zone at\the specified hasic
angle from, parallel to, or perpendicular to one or more
datum planes or a datum axis, within which the axis of
the considered feature must lié:

(d) a tolerance zone defined by two parallel lines af the
specified basic angle fromyparallel to, or perpendiculaif to a
datum plane or axis,Apithin which the line element of the
surface must lie. {6.4.2]

While the shape of the tolerance zone is defined (4
inder, a zonebounded by two parallel planes, or a zone
bounded by:two parallel lines), the extent of the tolergnce
zone (e.gy the length of the cylinder) must also be conpsid-
ered\There are two cases to be considered:

(a) The extent of the tolerance zone is restrictdd to
control a limited area or length of the surface shpwn
by a chain line drawn parallel to the surface profile dithen-
sioned for length and location.

(b) Inall other cases, the extent of the tolerance zo
limited to the actual feature surface. For a feature
tangent plane, or center plane the extent is define
projecting the actual surface points onto the §
tangent plane, or center plane.

cyl-

he is
Axis,
i by

Xis,

6.4 ORIENTATION TOLERANCE

Per ASME Y14.5-2009

Tolerance zones apply to the full extent of the fea
unless otherwise indicated. Where it is a requirement to
control only individual line elements of a surface, a quali-
fying notation, such as EACH ELEMENT or EACH RADIAL
ELEMENT, is added to the drawing. This permits contnol of
individual elements of the surface independently in relqtion
to the datum and does not limit the total surface tp an

ture,

An orientation tolerance specifies a zone within which the
considered feature, its line elements, its axis, or its center
plane must be contained. [6.4.1]

An orientation tolerance specifies one of the following:

(a) atolerance zone defined by two parallel planes at the
specified basic angle from, parallel to, or perpendicular to
one or more datum planes or a datum axis, within which the
surface or center plane of the considered feature must lie.

28

encompassing zone. Although orientation tolerances are
only constrained in rotational degrees of freedom relative
to the referenced datums, the notation of EACH RADIAL
ELEMENT adds a requirement for the tolerance zone(s)
to be constrained in location relative to the axis from
which the radial elements emanate. Tolerances for individ-
ual elements may also be specified using a line profile toler-
ance. [6.4.3]
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Where it is desired to control a tangent plane established
by the contacting points of a surface, the tangent plane
symbol is added in the feature control frame after the
stated tolerance. Where a tangent plane symbol is specified
with a geometric tolerance, the flatness of the tolerance
feature is not controlled by the geometric tolerance. [6.5]

Mathematically, the equations describing angularity,
parallelism, and perpendicularity are identical when
generalized in terms of the angle(s) between the tolerance

- parallelism of a plane, center plane, or tangent plane to
a datum plane

- perpendicularity of an axis to a datum axis with a
planar orientation tolerance zone

- parallelism of an axis to a datum plane with a planar
orientation tolerance zone

In these cases, the orientation of the planar orientation
zone is fully constrained by the primary datum. In the
following two cases, if a secondary datum is not specified,

zong and the related datum(s). Accordingly, the generic
ternj orientation is used in place of angularity, parallelism,
and |perpendicularity in the definitions.

An orientation zone is bounded by a pair of parallel
plarles, a cylindrical surface, or a pair of parallel lines.
Each of these cases is defined separately below. If the
tolerance value is preceded by the diameter symbol,
ther] the tolerance zone is a cylindrical volume; if the nota-
tion|EACH ELEMENT or EACH RADIAL ELEMENT appears
ther] the tolerance zone is an area between parallel lines;
in all other cases the tolerance zone is a volume between
pardllel planes by default.

6.4]1 Planar Orientation Tolerance Zone

(d) Definition. An orientation tolerance which is not
prededed by the diameter symbol and which does not
inclfide the notation EACH ELEMENT or EACH RADIAL
ELEMENT specifies that the considered surface, center
plane, tangent plane, or axis must lie in a planar orienta-
tionfzone bounded by two parallel planes separated by the
spedified tolerance and basically oriented to the primary
datym and, if specified, to the secondary datum as well.

Alplanar orientation zone is a volume consisting of all
poirts P satisfying the condition
~ ([ @ — t
‘T-(P - A ) <R
2
whejre
2l = any point on the ngid-plane of the planar orienta-
tion zone
T = the directiof-vector of the planar orientation
zone
¢ = the size.of'the planar orientation zone (the sep-
aration~of the parallel planes)
T

|cos O for a primary datum axis

T-D| =
‘ 1 ‘ {|sin O)| for a primary datum plane

where @ is the basic angle between the primary datum and
the direction vector of the planar orientation zone.

In the following four cases, a secondary datum has no
effect:

- perpendicularity of a plane, center plane, or tangent
plane to a datum axis

29

then the orientation tolerance may not provide adequate
control:
- angularity and parallelism of an axigyte’a datum axis
with a planar orientation tolerance zene
- angularity and perpendicularity.of an axis to
plane with a planar orientation tolerance zone
When controlling perpendicularity of an axis
planar orientation tolerance zZone with just a
datum, the planar orientation zone can r
contain the axis witlajr actual value of zero.
If a secondary datum is specified, the planar or]entation
zone is further restricted to be oriented relatiye to the

a datum

within a
primary
btate to

direction vector, 52, of the secondary datum by

|cos a] for a secondary datum axi

‘T-ﬁz‘

o

{|sin a| for a secondary datum plan

Wwitere T' is the normalized projection of T ont¢ a plane

normal to D}, and « is the basic angle between the

secondary datum and T'. T' is given by
T - (T-D))D,

o~

T — (7-D,)D,

Figure 6-1 shows the relationship of the planay orienta-
tion zone direction vector to the primary and s¢condary

datums. Figure 6-2 illustrates the projection of T|onto the

primary datum plane to form T .

(b) Conformance. A surface, center plane, tange
or axis S conforms to an orientation tolerancg
points of S lie within some planar orientation

ntplane,
ty if all
zone as

defined above with t = t,. That is, there exist 7 and Y

such that with t = tg, all points of S are wifthin the
planar orientation tolerance zone.

3 a 2 hry datum
and a secondary datum, then T is fully determined. If the consid-
ered feature is a feature of size (cylinder or width), then the
orientation tolerance may be applied on a MMC or LMC material
condition basis. This increases the width of the planar orienta-
tion tolerance zone by the additional tolerance.

(c) Actual Value. The actual value of orientation for S is
the smallest orientation tolerance to which S will conform.
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6.4.2 Cylindrical Orientation Tolerance Zone

(a) Definition. An orientation tolerance which is
preceded by the diameter symbol specifies that the toler-
anced axis must lie in a cylindrical orientation zone
bounded by a cylinder with a diameter equal to the speci-
fied tolerance and whose axis is basically oriented to the
primary datum and, if specified, to the secondary datum as
well.

there exists T and A such that with ¢t = to, all points
of S are within the cylindrical orientation tolerance zone.

NOTE: If the orientation tolerance refers to both a primary datum
and a secondary datum, thenT is fully determined. If the orienta-
tion tolerance is applied to a cylinder, then a MMC or LMC mate-
rial condition may be applied. This increases the diameter of the
cylindrical orientation tolerance zone by the additional toler-
ance.

A l Lo 1 . i . 1 . adni £
Cy l1parrearorrentationr zore 1sa voranre LUIIDIDLIIIS Ul

all pointp P satisfying the condition
~ - — t
‘T X (P - A )‘ < 5

where
2 = lany point on the axis of the cylindrical orientation

zone

T = Ithe direction vector of the axis of the cylindrical

orientation zone

t = [the diameter of the cylindrical orientation zone

The ayis of the cylindrical orientation zone is oriented
such thdt, if D is the direction vector of the primary
datum, then
fﬁl‘ _ { |cos )| for a primary datum axis

|sin O for a primary datum plane

where O|s the basic angle between the primary datum and
the diredtion vector of the axis of the cylindrical orienta-
tion zong.

In the following cases, a secondary datum has no.effect:

- pardllelism of an axis to a datum axis, and

- pergendicularity of an axis to a datum plane.

In thege cases, the orientation of the cylindrical orienta-
tion zong¢ is fully constrained by the primary datum. If a
secondary datum is specified, the cylindrical orientation
zone is further restricted to be ¢riented relative to the

direction} vector, ﬁz, of the se¢ondary datum by

|cos al fora Secondary datum axis

I~/

['D,| =
’ 2 ’ {lsin a}dor a secondary datum plane

where 7| is the fotialized projection of T onto a plane
normal ko ﬁl ~and « is the basic angle between the

secondary datum and T'. T"' is given by

(c) Actual Value. The actual value of orientationAfof S is
the smallest orientation tolerance to which S will confprm.

6.4.3 Linear Orientation Tolerance Zone

(a) Definition. An orientation toleranée'which inclpdes
the notation EACH ELEMENT or EACH/RADIAL ELEMENT
specifies that each line element of'the toleranced sutface
must lie in a linear orientation zone bounded by|two
parallel lines which are

(1) in the cutting plane defining the line elemgnt
(2) separated by the specified tolerance
(3) basically,oriented to the primary datum and, if
specified, to the~secondary datum as well.

For a surfage point 13; , a linear orientation zone s an
area consisting of all points p in a cutting plane of djrec-
tion vector ép that contains 1_’: . The points p satisfy the
follewing conditions:

and
~ - — t
‘T X (P X A )‘ < -
2
where
7 = any pointon the center line of the linear orignta-
tion zone
C. = the normal to the cutting plane and basi¢ally
b oriented to the datum reference frame
1—,5’ = a point on S
T = thedirection vector of the center line of the lihear
orientation zone
t = the size of the linear orientation zone (the [sep-

aration between the parallel lines)

—>

Figure 6-3 illustrates a cylindrical orientation zone.

(b) Conformance. An axis S conforms to an orientation
tolerance ¢ty if all points of S lie within some cylindrical
orientation zone as defined above with t = t,. That is,

o/ I L T 3 1
TTIE PUSIUUIT VECLUT A, WITICIT TOCALES UIT CETILET 1T 1€ Of

the linear orientation zone, also locates the cutting plane
through the following constraint:
~ [ —
CP-(PS - A ) =0
In some cases, ifa secondary datum is not specified then
the orientation tolerance may not provide adequate

control: angularity of a surface line element to a datum
axis or a datum plane. If a secondary datum axis is
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specified, and the toleranced feature in its nominal condi-
tion is rotationally symmetric about that datum axis, then
the cutting planes are further restricted to contain the

datum axis as follows:

where B is a position vector that locates the datum axis.

Oth
one
T

orie

plan

The center line of the linear orientation zone is oriented
that, if ﬁl isthe direction vector of the primary datum,

such
then

Figure 6-1 Planar Orientation Zone With Primary-and

~ [ =
cp.(PS—B)zo

another.

e by
CP-T =0

)

‘ 7 ‘ { |cos O for a primary datum axis
-Dy| =

|sin @) for a primary datum plane

Secondary Datum Planes Specified

ASME Y14.5.1-2019

e direction vector of the center line of the linear
htation zone, f, is constrained to lie in the cutting

6.4.1

where @ is the basic angle between the primary datum and
the direction vector of the linear orientation zone.

NOTE: If a secondary datum is not specified, at least one of T and

D, will not be defined, and so the actual value will not be defined.

Figure 6-4 illustrates a linear orientation zone bounded
by parallel lines on a cutting plane for the controlled

surface.

(b) Conformance. A surface, center plane, or tangent

plane 5 conforms to an orientation tolerance

cutting plane ép if all points of the intersect
with C,, lie within some linear oriehtation

defined above with t = t,. That is,{there exist 1

to for a
ion of S

Zzone as

and K)

such that with t = t,, all points of S are within the

linear orientation tolerance-zone.
A surface S conforms tolthe orientation tolerai]
conforms simultaneously\for all surface points an|

planes C,,.

NOTE: If the orientation tolerance refers to both a prim
and a secondary datum, then T is fully determined.

(c) Aétual Value. The actual value of orientatid
the smallest orientation tolerance to which S will

Figure 6-2 Projection of Tolerance Vector Onto
Datum Plane

ce tyifit

d cutting

hry datum

nfor Sis

conform.

Primary

~>
\

~>
RS
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~>

lP:

normalized, T' = IL: M
I'T,| IT-D,(T-D,)l

A A A
=D (T-D7J, nothormatized

6.4.1
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Figure 6-3 Cylindrical Orientation Zone With Respectto a
Primary Datum Plane

Cylindrica
orientation zone

6.4.2

Figure 6-4 Linear Orientation Zone Bounded by Parallel\Lines

This|on the orthographic views

7

Linear
orientation
zone

~ |0.1|A|B
EACH ELEMENT

/X

[6.4.3
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Section 7
Tolerances of Location

7.1 |GENERAL

This Section establishes the principles of tolerances of
locdtion; included are position, concentricity, and
symmetry used to control the following relationships:

center distance between (features of size, such as)
, slots, bosses, and tabs
location of features of size [such as in (a) above] as a

coaxiality and coplanarity of features of size
concentricity or symmetry of features of size —

s of the surface method of the actual feature or in
ternps of size and the resolved geometry (center point;
axisg, or center plane) of the applicable (mating.or
minjmum material) actual envelope. These two interpre-
tatigns will be called the “surface interpretation”.and the
“resplved geometry interpretation,” respectively. (See
subgection 7.2 and the following for the precise definitions
of ppsition tolerancing interpretations,) These interpre-
tatigns are not equivalent. They differ in part because
the fesolved geometry interpretation’relies on an assump-
tion(that the feature is of perfect form and in part because
the (derivation of the surface interpretation assumes
perfect orientation.

Tywo examples will-illustrate these interpretations.
Congider the illustration in Figure 7-1. The hole shown
in the figure is‘controlled by a zero position tolerance
at MMC. Thé theoretical boundary (virtual condition)
has p diameter equal to the MMC diameter of the hole.
The|actual hole was manufactured with poor form, but

Figure 7-2 shows the converse situation:“Ifhe shaft
shown in the figure is controlled by a pesition folerance
to at MMC. The shaft was manufactured with perﬂect form.
If the radius of the shaftis ry and the MMC radiuss is rymc,
the radius of the tolerance zone for the axis is rypjc — Fam +
to/2. If the height of the shaft is Ajand the axis of the actual

shaft is tilted to an extreme orientation within the toler-
ance zone, a simple geometric analysis shows thaf point?
lies outside the thearetical boundary (virtual cgndition)
by a distance

fAM[\/l + [(t + 2(rvvic — ran)) /A = |

The feature illustrated in Figure 7-2 is acceptable per
the resolved geometry interpretation but unadceptable
pEY the surface interpretation.

Throughout most of this Section, both a surfdce inter-
pretation and a resolved geometry interpretdtion are
supplied. In a few cases (e.g., projected tadlerance
zones) only a surface interpretation is provided. When-
ever the two interpretations do not produce equivalent
results, the surface interpretation shall take pregcedence.

7.1.2 Patterns of Features

For the purposes of this Standard, all tolerances of loca-
tion are considered to apply to patterns of featurg¢s, where
a pattern may consist of only a single feature. ThE control
of the location of the pattern as a group is cglled the
pattern-locating tolerance zone framework (PLTZF).
When the pattern consists of two or more fleatures,
there is the possibility, through the use of comppsite tol-
erancing, to control the relative location of featurgs within
the pattern. This is done by specifying a secondary location
tolerance, called the feature-relating tolerarce zone
framework (FRTZF), in conjunction with thg PLTZF.

is wiithin the limits of size (see para. 2.3.1). The hole
does not violate the theoretical boundary (virtual condi-
tion), and would be acceptable per the surface interpreta-
tion. The resolved geometry (the axis of the hole) is further
away from true position than allowed by the combined
effects of the position tolerance (zero) and the bonus toler-
ance resulting from the unrelated actual mating envelope
of the hole. The hole would not be acceptable per the
resolved geometry interpretation.

33

There may be more than one ERTZE for a3 pa tern. All

features within a single pattern are controlled simulta-
neously. That is, all features must be evaluated with
respect to a single datum reference frame from the candi-
date datum reference frame set for the control.

7.2 POSITION TOLERANCING

This subsection presents a general explanation of posi-
tion tolerancing for features of size. A position tolerance
can be explained in terms of a zone within which the
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resolved geometry (center point, axis, or center plane) ofa
feature of size is permitted to vary from true (theoretically
exact) position. Basic dimensions establish the theoretical
true position from specified datum features and between
interrelated features. A position tolerance can be
explained in terms of a surface boundary.

Throughout this subsection, whenever the true position

N
is understood from context, the notation r(P ) will denote

For MMC or LMC material condition basis, the boundary
defined by r(?) = b,with basgiven here, is the theoretical

boundary (virtual condition).

(c) Actual Value. The actual value of position deviation
is the smallest value of ty to which the feature conforms.
NOTE: For LMC and MMC controls the actual value of deviation

can be negative. A negative value can be interpreted as the
unused portion of the bonus tolerance resulting from the depar-

the distjnce from a point P to the true position. For

N
sphereq, r(P) is the distance to the true position

N
center point. For cylinders, r(P) is the distance

betwee P and the true position axis. For parallel

N
plane features, r(P) is the distance between 1_7) and the

true pogition center plane. These definitions should
also be |lunderstood to be for a particular choice of
datum re¢ference frame from the candidate datum refer-
ence frame set. Throughout this Section, all spherical and
cylindridal sizes are in terms of radius unless otherwise
specified. All tolerance values are assumed to be
diametefs for spheres and cylinders, and full widths

for parallel planes, in accord with common practice.

7.2.1 In Terms of the Surface of a Feature

(a) Définition. For a pattern of features of size, a posi-
tion toldrance specifies that the surface of each actual
feature rhust not violate the boundary of a correspondihg
position [tolerance zone. Each boundary is a spherej-cyl-
inder, or|pair of parallel planes of size equal to thé.collec-
tive effedt of the limits of size, material conditionbasis, and
applicabje position tolerance. Each boundary is located
and orignted by the basic dimensions,of the pattern
and datym(s) if specified. Each position tolerance zone

is a volume defined by all points P that satisfy the appro-

priate equation from Table 73 where b is a position toler-
ance zorle size parameter. (radius or half-width).

Figurg 7-3 illustrates thietolerance zone for a cylindrical
hole at MMC or RFS, or.a shaftat LMC. The tolerance zone is
a cylindgical volume.

Figurqd 7-4 illustrates the tolerance zone for a tab at
MMC or|RFS,-or a slot at LMC. The tolerance zone is a
pair of garallel planar volumes.

ture of the feature from the applicable IImIt oI size.

7.2.2 In Terms of the Resolved Geometry'of a
Feature

(a) Definition. For a pattern of features of size, a posi-
tion tolerance specifies that the resolveéd geometry (center
point, axis, or center plane, as,applicable) of each unre-
lated actual mating envelope (forfeatures at MMC or RFS)
or unrelated actual minimim material envelope|(for
features at LMC) must lie;within a corresponding posjtion
tolerance zone. Eachitolerance zone is bounded py a
sphere, cylinder,,or pair of parallel planes of size ejqual
to the total allowable tolerance for the corresponfing
feature. Each«olerance zone is located and orientefl by
the basic dimensions of the pattern relative to a dqtum
reference frame. A position tolerance zone is a sphefical,
cylindfical, or parallel-plane volume defined by all pgints

F that satisfy the equation r(l_’)) < b,where b is the radius

or half-width of the tolerance zone.

Figure 7-5 illustrates the tolerance zone for holg
MMC and RFS and for shafts at LMC. The figure sHows
the position of a point on the axis of the actual mdting
envelope that is outside the tolerance zone. A simpilar
figure for holes at LMC or shafts at MMC or RFS wpuld
show the actual mating envelope surrounding|the
feature surface. The feature axis extends for the| full
length of the feature.

(b) Conformance. A feature conforms to a position
tolerance ¢, at a specified material condition basis |f all
points of the resolved geometry of the applicable envelope
(as determined by the material condition basis) lie within
some position tolerance zone as defined above with b
determined by the appropriate formula from Table|7-3.
Furthermore, the surface must conform to the appliqable
size limits.

(c) Actual Value. The position deviation of a featufe is

s at

(b) Conformance. A feature conforms to a position
tolerance t; at a specified material condition basis if all
points of the feature lie outside some position zone as
defined above with b determined by the appropriate
value from Table 7-2.

The surface must conform to the applicable size limits.
In the case of an internal feature at MMC or RFS or an
external feature at LMC, there is a further condition
that the feature must surround the tolerance zone.

34

the diameter of the smallest zone (smallest value of b)
which contains the center point or all points on the
axis or center plane (within the extent of the feature)
of the applicable actual mating envelope of the feature.

7.3 PROJECTED TOLERANCE ZONE

(a) Definition. For a cylindrical or parallel-plane
feature, a projected tolerance specifies that a volume,
called a verifying volume, with a boundary of perfect
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form, called a verifying boundary, can be defined such that
the following two conditions hold. First, the axis or center
plane of the verifying boundary is contained within a
projected position tolerance zone, itself a boundary of
perfect form extending outward from the feature by
the specified projection length. Second, the surface of
the feature does not violate the verifying volume.

A projected position tolerance zone is a cylindrical or

parallel-plane volume defined by all points P _that satisfy

7.4 CONICAL TOLERANCE ZONE

A conical position tolerance zone is specified by
different position tolerance values at each end of a cylin-
drical feature. A conical tolerance can be interpreted
either in terms of the surface of the feature or in
terms of the axis of the feature.

7.4.1 In Terms of the Surface of the Feature

the ¢quation r(l_;) < b, where b is the radius or half-width

of thle tolerance zone. A verifying volume is a cylindrical or
pardllel-plane volume defined by all points P that satisfy

the dppropriate equation from Table 7-4, where w s a size
pardmeter for the verifying volume.

Figure 7-6 illustrates a typical case. The projected toler-
ancg¢ zone is positioned and oriented by the choice of
datym reference frame. A plane perpendicular to the
truel position axis is located to contact the part surface
thatl defines the end of the cylindrical feature. The
height of the tolerance zone is the specified projection
length and starts at the point where the true position
axig intersects the contacting plane. The verifying
volyme is shown for a hole at MMC or RFS. (A similar
picthire would apply for a shaft at LMC. For a shaft at
MMC or RFS, or a hole at LMC, the verifying envelope
woulld surround the feature.)

(4) Conformance. A feature conforms to a position
tolerance t,, projected a distance h, and at a specified
material condition basis, if there exists at least one-veri-
fying volume for which the following conditions-hold. All
poirts of the feature lie outside the verifyihg.-volume as
defined above with w determined from the-material basis
as follows:

(1) for MMC, w = rymc

(2) for RFS, w = ram

(3) for LMC, w = rymc

The verifying envelope-satisfies r(l_;) < tp/2 for all

poirts P on the resolved geometry starting at the inter-

sect
and
with
sepd

on of the resolved geometry with the contacting plane
ending at the intersection of the resolved geometry
a secondvplane parallel to the contacting plane and
rated-from it by a distance h.

NOTE: Eor RFS features, this definition can also be considered the

(a) Definition. For a pattern of cylindrical-feptures, a
position control tighter at one end of the featyres than
the other specifies that the surface~ofdeach actual
feature must not violate a corresponding perfect-form
conical boundary. This boundary is-a. frustum ¢f height
and diameters equal to the collective effects of the
limits of size, material condition basis, and applicdble posi-
tion tolerances at each endrof the feature. The boyindary is
located and oriented by the basic dimensiors of the
feature. A position tolerance zone is a conical volume

defined by all points P that satisfy the approprigte equa-
tion from Table 7-5, where b(f’)) is the radius of the toler-

ance zomg at height P. The radius b(?) is relat¢d to the

position® tolerance zone size parameters r; and

b(P) = ri(1 = 7(F)) + ryr(F)

r, by

where

(#) = PP - B

2

N
‘Pz'— Py

is the position of P along the axis between 1_3)1 and ?2,

scaled so that 7(?1) =0 and y(l_a)z) =1.

Figure 7-7 illustrates the tolerance zone for|holes at
MMC and RFS. Shafts at LMC would have 4 similar
figure. A similar figure for holes at LMC or shafts at
MMC or RFS would show the envelope surrppunding

the feature surface. The tolerance zone axis|extends

. — - . . .
between points P; and P,, which are the intdrsection

of the true position axis with two planes, ong at each
end of the basic feature, at nominal distance and nlominally
located and oriented relative to the datum rgference
frame

resolved geometry interpretation. No resolved geometry inter-
pretation is provided for MMC or LMC tolerances.

(c) Actual Value. The position deviation of a feature is
the size of the smallest projected zone such that the
resolved geometry of the actual mating envelope lies
within the zone for the full projection height.
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(b) Conformance. A cylindrical feature conforms to
position tolerances t; and ¢, at a specified material condi-
tion basis if all points of the feature lie outside the position
tolerance zone as defined above, with r; (i € {1,2}) deter-
mined according to Table 7-6. The surface must also
conform to the applicable size limits. In the case of a
hole, there is a further condition that the hole must
surround the tolerance zone.
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(c) Actual Value. No definition for actual value of posi-
tion deviation is provided for the surface interpretation.
Refer to para. 7.4.2 to the resolved geometry (axis) inter-
pretation for a definition of actual value.

7.4.2 In Terms of the Resolved Geometry (Axis) of
the Feature

(a) Definition. For the axes of cylindrical features
within 3 arp—a—posibiontoleran ig a6
end spedifies that the axes of the actual mating envelopes
(for feathres at MMC or RFS) or of the actual minimum
material envelopes (for features at LMC) must lie
within cprresponding position tolerance zones. Each of
these tqlerance zones is bounded by a frustum of
height ahd diameters equal to the collective effects of
the limitp of size, material condition basis, and applicable
position[tolerances at each end of the feature. The axis of
the frusfum is located and oriented by the basic dimen-

sions of
by the n
tion tole

points p

b(f’)) is
along th

para. 7.4
Figurd

toleranc

he feature. The frustum is located along the axis
bminal surfaces bounding the feature. The posi-
rance zone is a conical volume defined by all

that satisfy the equation r(?) < b(?) where
the radius of the tolerance zone at the height

. - . .
e axis of P. (See the surface interpretation,

.1, for details.)
7-8 illustrates the axis definition for holes. The

. ; — —
e zone axis extends between points P and P,,

which afre the intersection of the true position axis

with the|

(b) Cd
position
tion basi

the posi

nominal surfaces bounding the feature.,

nformance. A cylindrical feature conforms to
tolerances t; and t; at a specified material condi-
5 if all points on the axis of the applicable envelope

ion tolerance zone as defined/above, with r; (i €

(as detelmined by the material condition basis) lie within

{1,2)) d
Table 7-
the appl

(c) Ad
conical t

termined by the appropriate formula from
7. Furthermore, the-surface must conform to
cable size limits,

tual Value. A cylindrical feature controlled by a

deviatio

blerance zoneé has two actual values for position
, one at each*end of the feature. The actual value

ateach epd is thésmallest diameter circle that contains the
axis of the actual mating envelope at that end. Each circle is
in the planepérpendicular to the true position axis at the

7.5 BIDIRECTIONAL POSITION TOLERANCING

A bidirectional position tolerance zone for a cylindrical
feature is specified by different position tolerance values
in different directions perpendicular to the basic feature
axis. Bidirectional position tolerancing results in two
distinct tolerance zones for locating each cylindrical
feature. Each tolerance zone is considered separately
in the following. As with other tolerances, however,

es—totr—sin arreots—or-separace "““';l
to the components of a bidirectional position tolergnce.
(See para. 4.7.10.) Bidirectional position télerancing
may be applied in either a rectangular or a polar (cylin-
drical) coordinate system. Rectangular bidirectional tol-
erancing can be explained in terms of gither the surfage or
the axis of the feature. A resolved, geometry (axis) inter-
pretation only is provided for polarbidirectional tolerfanc-
ing.

7.5.1 In Terms of the Surface of the Feature

nof
in a

This paragraph establishes the surface interpretati
bidirectional poSsition tolerancing when applied
rectangular coerdinate system.

(a) Definition. For a pattern of cylindrical features, pach
bidirectionhal position tolerance specifies that each sugface
must not'violate a tolerance boundary. For holes at MMC
or RFS“and shafts at LMC, each tolerance boundary]is a
cylinder of diameter equal to the collective effects of
the limits of size, material condition basis, and applidable
position tolerance. Each boundary is located and oriented,
by the basic dimensions of the pattern relative to the speci-
fied datum reference frame and by the applicable dire¢tion
of tolerance control, such that the axis of each bounflary
lies in the plane containing the true position axis of the
corresponding feature and normal to the direction in
which the tolerance applies. The orientation and posjtion
of the boundary axis within this plane is unconstrajned.

For holes at LMC and shafts at MMC or RFS, each tpler-
ance boundary is a pair of parallel planes separated by a
distance equal to the collective effects of the limits ofsize,
material condition basis, and applicable position tpler-
ance. The center plane of each boundary is that plane
containing the axis of the corresponding feature|and
normal to the direction in which the tolerance applies.

A position tolerance zone is a volume defined by all

points P that satisfy the appropriate equation flrom

end poinTof the feature axis, and 1S centered on the true
position axis. In the case that the actual mating envelope
canrock, it may be possible to decrease the actual value of
position deviation at one end at the expense of the devia-
tion atthe other end. No rule is defined for selectingamong
possible pairs of actual values.

Table 7-8, where b is a position tolerance zone size pa-
rameter (radius or half-width).

(b) Conformance. A cylindrical feature conforms to a
bidirectional position tolerance ¢, at a specified material
condition basis if all points of the feature lie outside some
position tolerance as defined above with b determined by
the appropriate value from Table 7-9.

Figure 7-9 shows an example of bidirectional toleranc-
ing of a hole at MMC. Each callout creates its own cylin-
drical position tolerance zone. The tolerance zone
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corresponding to the 0.4 mm tolerance, shown in the
bottom left, is free to be located and oriented only in
the plane indicated by the vertical dashed line. Similarly,
the tolerance zone corresponding to the 0.2 mm tolerance,
shown in the bottom right, is only free to be located and
oriented left-to-right in the view shown. Each of these
planes of motion are determined by the basic dimensions
from the indicated datums.

A similar example is illustrated for shafts at MMC in

7.5.3 Polar Bidirectional Tolerancing in Terms of
the Resolved Geometry (Axis) of the Feature

This paragraph establishes the resolved geometry
(axis) interpretation of bidirectional position tolerancing
when applied in a cylindrical coordinate system. (While
the term “polar” is used in ASME Y14.5-2009, and used
herein for consistency, a cylindrical coordinate system
is being used. The tolerances are specified in the plane

Figure 7-10. In this case, each callout creates a tolerance
zon¢ bounded by parallel planes. The tolerance zone
corrlesponding to the 0.4 mm tolerance is bounded by
the Vertical planes separated by 16.6 mm. The tolerance
zong corresponding to the 0.2 mm tolerance is bounded by
the horizontal planes separated by 16.4 mm.

(d) Actual Value. No definition for actual value of bidir-
ectipnal position deviation is provided in terms of the
surfhce of the feature. Refer to para. 7.5.2 to the resolved
geotnetry (axis) interpretation for a definition of actual
valug.

7.5.2 In Terms of the Resolved Geometry (Axis) of
the Feature

This paragraph establishes the resolved geometry
(axi$) interpretation of bidirectional position tolerancing
whepn applied in a rectangular coordinate system.

system.)
within a

TroTTTatto-thre—axts of thecytimdricatcoordimate

(a) Definition. For axes of cylindrical features
pattern, polar bidirectional position tolérancef specify
that the axes of the actual mating envelopes (for|features
at MMC or RFS) or of the minimum material envelppes (for
features at LMC) must lie within.corresponding|position
tolerance zones. Each tolerancé\zone is bounded radially
by two concentric cylindrical arcs and tangentially by two
planes symmetrically dispdsed about the true pg¢sition of
the feature and oriented*at the basic polar angle of the
feature. The plane separation and the differencelin cylin-
drical arc radii aré each equal to the total allowable toler-
ance for the corresponding feature, including any effects of
feature siz€. Each tolerance zone islocated and orjented by
the basiédimensions of the pattern. A polar bidifectional
position tolerance zone is a (cylindrical shell] volume

defined by all points P that satisfy the following tivo equa-

(d) Definition. For axes of cylindrical features within a tions:
pattprn, bidirectional position tolerances specify that the
axisof each unrelated actual mating envelope (for features Pp —Po| < b,
at MMC or RFS) or minimum material envelope, (for
featyires at LMC) must lie within two corresponding posi- and
tion| tolerance zones. Each position tolerarnce zone is
bounded by two parallel planes separated by a distance ‘(F - X’)ﬁt‘ < b
equjl to the total allowable tolerance, for the corre-
sponding feature, including any effects of feature size. where
EacI position tolerance zone js‘\located and oriented — = 4 point on the true position axis of the feature
by the basic dimensions of the pattern relative to the speci- A P p I .
fied datum reference frame-Abidirectional position toler- by = th_e tolerance Zone size parameter for the CY“T"
) ] S drical boundaries of the tolerance zone| equal in
anceg zone is a (slab) volume defined by all points P that value to half the difference in radii of thk bound-
satigfy the equation r(?) < b,where bishalfthe thickness aries .
b, = the tolerance zone size parameter for the planar
of the tolerance zene. boundaries of the tolerance zone, equal in value
(’jﬁ Conformance. A cylindrical feature conforms to a to half of the distance between the boundaries
position_telerance t, at a specified material condition N, = the direction vector of the plane contajning the
basip if all points on the axis of the applicable envelope axis of the polar (cylindrical) coordinate system
(as determined by the material condition basis) lie within ane-the-true—position-axis-of-thefeatute
the position tolerance zone as defined above with b deter- - = . - .
minr;d by the appropriate formula from Table 7-10. PF = the distance of F from the axis of the polar (cy-
Furthermore, the surface must conform to the applicable lindrical) coordinate system
size limits. po = the distance of the true position axis from the

(c) Actual Value. The position deviation of a feature is
the thickness of the smallest tolerance zone to which the
axis conforms.

NOTE: Thereis adistinct actual value for each tolerance calloutin
a bidirectional position tolerance.
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axis of the polar (cylindrical) coordinate system

The relationship between these quantities is illustrated
in Figure 7-11.
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(b) Conformance. A cylindrical feature conforms to a
polar, bidirectional position tolerance with radial compo-
nent t,. and tangential component ¢, each applied at a
specified material condition basis, if all points on the
axis of the applicable envelope (as determined by the
material condition basis) lie within the position tolerance
zone as defined above with b, and b, determined by the
appropriate formula from Table 7-11, witht =t,and t = t;,
respectively. Furthermore, the surface must conform to

elongated-hole cylinders (unconstrained in location or
orientation), such that the following conditions hold.
One cylinder, with w and ¢ equal to the MMC limits of
size, is surrounded by the hole surface. The other cylinder,
with w and ¢ equal to the LMC limits of size, surrounds the
hole surface.

(c) Actual Value. No actual value of position deviation
for elongated holes is defined.

the applfcable size limits.

(c) Adtual Value. As with rectangular, bidirectional
position [tolerancing, two actual values of position devia-
tion are flefined. The actual value of position deviation in
either the radial or tangential direction is the thickness of
the smalllest tolerance zone to which the applicable axis

7.6 POSITION TOLERANCING AT MMC FOR
BOUNDARIES OF ELONGATED HOLES

An eldngated hole is an internal feature consisting of
two pargllel, opposed, planar faces terminated by cylin-
drical end caps, tangent to the planar faces, with axes
inside the hole. For purposes of position tolerancing,
an elongpted hole is considered a feature of size, charac-
terized by two size parameters, its length and width. Such
tolerancing is always considered to be bidirectional in
nature, ¢ven if a single tolerance value is applied. Only
interpretation is provided.
inition. For a pattern of elongated holes, a posi-
tion tolefance at MMC specifies that the surface of each
actual hple must not violate the boundary of a corre-
sponding tolerance zone. Each boundary is a righteylinder
with an ¢longated cross section of perfect form as shown
in Figurg 7-12. Each boundary is located and eriented by
the basi¢ dimensions of the pattern relative to the speci-
fied datym reference frame. Each pogitien tolerance zone
is the volume interior to the corresponding boundary (the
shaded 4rea in Figure 7-12). The ‘boundary size is char-
acterized by two size paraméters, £ and w, representing,
respectiyely, the half-length 'and half-width of the toler-
ance zorfe.

(b) Cdnformance."Aposition tolerance for an elongated
hole spefifies two,values

(1) |t contrelling position deviation in the direction
of the h¢le width
(2) |tz controlling position deviation along the length

7.7 CONCENTRICITY AND SYMMETRY

This subsection provides definitions of coficentrjcity
and symmetry tolerances that control concentricity
and symmetry of features. Concentricity ahd symmetry
controls are similar concepts and are treated together
in this Section. Concentricity is that condition where
the median points (centroids)\of all diametridally
opposed elements of a figure efrevolution (or corresppnd-
ingly located elements of two or more radially disppsed
features) are congruentiwith a datum axis or center ppint.
Symmetry is that condition where one or more featurfes is
equally disposed ,about a datum plane. A symmetry tpler-
ance is used fof“the mathematical concept of symnietry
about a planie’and a concentricity tolerance is used for
the matheématical concept of symmetry about a goint
or symmetry about an axis. Concentricity and symnietry
controls are applied to features on an RFS basis ¢nly.
Datum references must also be RMB.

(a) Definition. A concentricity or symmetry tolerfnce
specifies that the centroid of corresponding ppint
elements on the surfaces of the actual features rpust
lie in the symmetry tolerance zone. The tolerance fone
is bounded by a sphere, cylinder, or pair of parpllel
planes of size equal to the total allowable toleranc¢ for
the features. The tolerance zone is located and oriepted
by the basic dimensions of the feature(s) relative tq the
specified datum reference frame. The tolerance zonq is a
spherical, cylindrical, or parallel-plane volume defingd by
all points P that satisfy the equation r(?) < b,wher¢ b is
the radius or half-width of the tolerance zone.

Corresponding point elements are obtained by ifter-
secting a pattern of symmetry rays with the adtual
feature. The rays of symmetry are determined|per
Table 7-12. If the feature is symmetric about a plane, a
two-fold symmetry pattern is always used. For point
and axis symmetry, the symmetry pattern is construlcted

of the hole

An elongated hole conforms to position tolerances t,,
and t, if all points of the hole surface lie outside the posi-
tion tolerance zone as defined above, with w = wyyc - t,/2
and ¥ = #ymc - tp/2, where wyc is the MMC width of the
elongated hole and ¢y is the MMC length of the elon-
gated hole.

Furthermore, the hole must surround the tolerance
zone and must conform to the limits of size. An elongated
hole conforms to the limits of size if there exist two right,
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using the lowest order of symmetry of the basic feature.
One consequence of this is that surfaces of revolution use
two-fold patterns of symmetry rays about the axis or
center of symmetry. The feature elements are located
at the intersection of the symmetry rays and the actual
feature surface.

This principle isillustrated in Figure 7-13. A feature that
has basic three-fold symmetry about a point or (as shown
in the figure) an axis results in a three-fold symmetry for
the symmetry rays. If the symmetry of the feature is six-
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fold pattern.

(b) Conformance. A feature conforms to its symmetry or
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Table 7-1 Definition of Position Tolerance Zone —

Surface Interpretation

concentricity tolerance if the centroids of corresponding

points of intersection of the rays with the feature all lie
within the tolerance zone as defined above with b = t,/2.

(c) Actual Value. The actual value of concentricity or
symmetry deviation is the smallest tolerance value to

which the feature will conform.

Material Condition Basis

MMC or RFS LMC
Feature Type Internal r(?) <b r(l_’)) >
External r(?) >b r(;’)) <b

S

Figire 7-1 First Illustration of the Difference Between
rface and Resolved Geometry Interpretations of
Position Tolerancing

Figure 7-3 Tolerance Zone and Conformance: Holes at

Virtual
condition
boundary

Hole
surface

Axis of

unrelated
actual mating
envelope

Unrelated
actual mating
envelope

MMC or RFS, Shafts at LMC — Surface Interpfetation

r(P)

True
position ‘

~i

ToleranceZone

|

Position
tolerance

711

Figyre 7-2 Second Illustration of the Difference Between
Surface and Resolved Geometry Interpretations of
Position Tolerancing

|
|
}« b ’j\\True Position ax|s

7.2.1

Figure 7-4 Tolerance Zone and Conformance:|Tabs at
MMC or RFS, Slots at LMC — Surface Interpretation

True position axis \

r(P)

Virtual condition envelope

Shaft as produced L

Axis tolerance zene ]

T'am
b~

|

Tolerance ‘

zone \ ‘
|

F b—="—True Position

/\Actual mating

center pian'e—

7.2.1

envelope axis

7.1.1
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Table 7-2 Size of Position Tolerance Zone — Surface Interpretation

Material Condition Basis
b MMC RFS LMC
Feature Type Internal to to to
yp TMMC T TAM T MC t
External to to to
MMC t o amt o TLMC = 5

Figure 715 Tolerance Zone and Conformance: Holes at
MMC ¢r RFS, Shafts at LMC — Resolved Geometry
Interpretation
Unrelated actual mating
enpelope (hole MMC, RFS) N
r(P)
Unrelated actual minimum
maferial envelope (shaft LMC) |
Tolerance zone [ ’: ,l
(radius = b) / /
il
{‘
il
I
True position axis j
7.2.2
Table 7-3 Size of Position Tolerance Zone — Resolved Geometry Interpretation
Material Condition Basis
b MMC RFS LMC
Feature Type Internal %0 + (rant — rvavc) %0 %0 + (rme — )
Ext 1 t t t
xrernd ~ + (mmic — 7am) 5 - + (amm — rime)

Table 7-4 Definition of Verifying Volume for Projected
Tolerance Zone

Material Condition Basis
MMC or RFS LMC
Feature Type Internal r(?) <w r(l—;) > w
External r(?) >w r(l_;) <w

40
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Figure 7-6 Projected Tolerance Zone for a Hole

True position axis

Projected
tolerance zone

Contacting plane
(_L_to true position axis) \.

Figure 7-7 Surface Interpretation of Conical Tolerance

Zone for Holes at MMC or RFS

r b(P)

Verifying volume

Verifying
envelope

[7.3]

Tab

Interpretation

e 7-5 Definition of Conical Tolerance Zone — Surface

Material Condition Basis

MMC or RFS LMC
Featfire Type Internal ,(I;) < b(?) r(f’)) > b(f;)
External f(P) > b(P) #(P) < b(P)

Nominal feature extent
(_L to true position axis)

True p@sition axis

741
Tdble 7-6 Size of Conical Tolerance Zone — Burface
Interpretation
Material Condition Basis
ri MMC RFS LMC
Feature Internal ; _E o E ], Lk
Type MMC ~ AM T LMC T 5
External £ t; t;
"MMC+EX fAM*'g’ ”L\/IC_EI

Figure 7-8 Resolved Geometry (Axis) Interpretation of
Conical Tolerance Zone for Holes at MMC gr RFS

41

P,
B —

| |

| 1
Nominal feature extent
(_L_to true position axis) \ \ /

'44'

|\ \
VzJ» PZ
True position axis
7.4.2



https://asmenormdoc.com/api2/?name=ASME Y14.5.1 2019.pdf

ASME Y14.5.1-2019

Table 7-7 Size of Conical Tolerance Zone — Resolved Geometry (Axis) Interpretation

Material Condition Basis
ri MMC RFS LMC
Feature Type Internal ti t; t;
yp 5+ (am = rvmc) 2 5+ (rume = ramm)
External t t; t;
5+ (nvvc = ram) 2 5+ (amm ~ romc)

Table 7-B Definition of Bidirectional Tolerance Zone —
Surface Interpretation

Material Condition Basis
MMC or RFS LMC
Feature Type Internal r(1—;> <b r(l—;) > b
External r(l_’)) >b V(I’)) <b

GENERAL|NOTE: In this table, r(I_’)) is the distance from 1_; to the

resolved geometry of the tolerance zone boundary. The tolerance
zone boupdary is a cylinder for a hole at MMC or RFS and for
shafts at IMC; it is a pair of parallel planes for shafts at MMC or
RFS and f¢r holes at LMC.

Table 7-9 Size of Bidirectional Tolerance Zone — Surface Interpretation

Material Condition Basis
b MMC RFS LMC
Feature Type Internal to to to
"™MMC T TAM T riMe + 5
External to to to
"MMC * Mt "LMC ~
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Figure 7-9 Bidirectional Hole Tolerance at MMC With Cylindrical Tolerance Zones — Surface Interpretation

This on the orthographic views Means this

Unconstrained direction
for 0.2 tolerance zone

I l

[T 4 Ialnl ] | TN I I I 1 il
ITP'IU'PWII'\IUIUI ‘qj‘IULIVII[-\IDIL,I TTUTC
Surface
[c}< ]
_ IS 1 ?15.8 Virtual boundary’(2 * b
_____ Unconstrained direction
| \ for 0.4 tolerance zone
|

B] 313

~ I™~—Hole
Surface

?15.6 Virtual boundary (2 * b

751

Figyre 7-10 Bidirectional Shaft Tolerance at MMC With Paraltel Plane Tolerance Zones — Surface Interpretation

This on the orthographic views Means this
[ Jo4@][A]B]C] - [o2@m]A]B[C] 0.2 tolerance 0.4 tolerance
16.6
ﬂ 2°h) |
16.4 - L L
- T -1 (2*b) elepppiidy,
| 2
I W7777777% | ~— Shaft
X Surface]
16.2 [A] J
5] 2 16.0
7.5.1
Table.7-10 Size of Bidirectional Tolerance Zone — Resolved Geometry (Axis) Interpretation
Material Condition Basis
b MMC RFS LMC
Featrlre Type Internal tTO + (rant = rMMC) i_o t,—o + (rivc — rani)
Ext 1 l{ 2 t
xterna 70 + (rvmc — am) 70 ;0 + (ramm — rLmc)
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Figure 7-11 Definition of the Tolerance Zone for Polar

Bidirectional Tolerancing

i
A

b,

Axis of polar
(cylindrical)
coordinate

system \

753

Table 7-11 Size of Polar Bidirectional Tolerance Zone*— Resolved Geometry (Axis) Interpretation

Material Condition Basis

b, or b, MMC RFS LMC
F ] I 1 t t t
eature Jype nterna 5t ram — rmmc) 3 5+ (rLve = ramm)
External t
2

t
oF (rmmc — ram)

t
2t (ramm — TLMC)

Figure 7
Hole at

Shown in_Cross Section

12 Tolerance Zone and-Conformance, Elongated
MMC — Tolerance Zone is the Right Cylinder

True position axis

[7.6]
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Table 7-12 Symmetry Elements for Obtaining
Corresponding Feature Elements

Symmetry Tolerance
Type Type Patterns of Symmetry Rays
Point Concentricity ~ Rays from the datum point
Axis Concentricity ~ Rays from, and perpendicular to, the
datum axis
Plane Symmetry Rays from, and perpendicular to, the
datum plane

Figlre 7-13 Rays Are Arranged in the Lowest Order of
Symmetry About an Axis or a Point

-

Symmetry

axis \

¥y

centroid

J

Three-fold symmetry Six-fold symmetry
7.7
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Section 8
Tolerances of Profile

8.1 GENERAL

This Sgction establishes the principles and methods for
mathemptical evaluation of ASME Y14.5-2009 dimen-
sioning gnd tolerancing applicable to the control of profile.

8.2 PROFILE

Profil¢ tolerances define tolerance zones to control
surfaces|relative to a true profile. Unless otherwise speci-
fied, profile tolerance zones maintain a basic relationship
to the tfue profile and any datums referenced. This
enables profile tolerance zones to always control form
and, whlere applicable, size (curvature), orientation,
and locafion of the considered feature.

8.2.1 Types of Profile Tolerances

to the true profile at all points along the profile. The bound-
aries of the tolerance zone follow the geometric-shape df the
true profile. [8.3.1]

(a) Definition. A profile tolerance zonefora continflous
true profile is constructed by sweeping a'line segment of
length to, where ty is the specified 'telerance, along pach
point on the true profile. The line segment is kept nofmal
to the true profile at each point.f the line segment inter-
sects the true profile at ahother point, the line segment
shall be truncated at that-intersection. The profile tpler-
ance zone is the union‘of line segments obtained fromn all
points on the basic surface. A maximum matgrial
boundary (MMB) and a least material boundary (MB)
are created, €ach one a locus of endpoints of the|line
segments.

The disposition of the generating line segment follows
thendisposition indicated by the tolerance specificafion.

A profjle tolgrance may be.ap}.:)l%ed to the entire surfa'ce See Table 8-1 and Figures 8-1 through 8-4.
o'fa} part mu'ltlple features, 1'nd1v1dual surfaces, or to in- (1) Forequally disposed tolerances, the line segtent
dividual profiles taken at varlous cross sections thr.ough a is centered on the basic surface with equal extensidn in
part. Th¢ two types of profile tolerances are profile of-a both directions.
surface and profile of a line, and they are explained'in (2) For unilateral and unequally-disposed tgler-
paras. 8£.1.1 and 8.2.1.2. ances, the line segment is disposed in the manner ndi-
8.2.1.1 Profile of a Surface. Per ASME Y14:5-2009 cated by the unequally-disposed symbol @ or
The toferance zone established by the profile of a surface ~ graphical indication. Several different dispositiong are
tolerancg is three-dimensional (a volumé)yextending along defined for a profile tolerance t, with a value ¢, following
the lengdh and width (or circumfererice) of the considered ~ the unequally-disposed symbol.
feature qr features. [8.2.1.1] (b) Conformance. A feature conforms to a profile tpler-
For prpfile of a surface, the tfué profile is comprised of ~ ance t, if all points on the actual surface are withir] the
surface geometry. The contrdlléd component is the entire ~ tolerance zone described above.
surface ¢f the actual featiire(s). (c) Actual Value. The actual value of a profile tolerfnce
< L is based on an enveloping zone called the actual zone|that
821 Profile ofQ }ine. No mathematlzatlon. of the is generated in the same way as the tolerance zone. [This
Qefn?ltl , Fonfo'rmar.lce, or actual value of profile of a concept applies in the same way to equally dispdsed,
line is providediin-this Standard. unequally disposed, and unilateral profile specificat{ons.
The generating line segment of the tolerance value |t, is
8.3 TOLERANCE ZONE BOUNDARIES lengthened or shortened by an equal amount at eachlend.

Uniform, bilateral, unequally disposed, or nonuniform
tolerance zones may be defined by profile tolerances.

8.3.1 Uniform Tolerance Zones

Per ASME Y14.5-2009

A uniform tolerance zone is the distance between two
boundaries equally or unequally disposed about the true
profile or entirely disposed on one side of the true
profile. Profile tolerances apply normal (perpendicular)
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The length change at each end is called the growth param-
eter g. The line segment for the actual zone has a length
equal to ty + 2g. The actual zone has the minimum g nec-
essary to contain the actual surface.

(1) If the actual zone is contained within the toler-
ance zone, the growth parameter g is negative.

(2) If the actual zone is not contained within the
tolerance zone, g is positive.
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(3) If the actual zone is equivalent to the tolerance
zone, g = 0.

NOTE: Any necessary truncation is performed after the length-
ening or shortening of the line segments.

The actual value of a profile tolerance for a single feature
is the value of ty + 2g for the enveloping zone to which the
actual surface will conform. See Figures 8-5 through 8-8.

NOTE: This Section defines the actual value of a uniform profile

alizes the concept of datum feature shift, to apply to profile
applications in which a datum reference frame is not
present (i.e., no datum features are referenced). See
Figures 8-11, 8-12, 8-15, and 8-16.

8.4.1.3 Candidate Tolerance Zone Transformations.
By default, profile tolerance zones remain static relative
to the true profile. With composite profile tolerancing, the
feature-relating tolerance zones are constrained in rota-

tolergmce T the comext of 4 SHIZIE TEALUTE 111 a4 SIVEIL Cddlddie
datun reference frame. Applications involving multiple features
and pptimization within degrees of freedom are addressed in
para| 8.4.1.5 of this Standard.

The value after the @ symbol for the actual zone is not
part] of the actual value definition, but can be calculated
using the expression (t, + g).

8.4| PROFILE APPLICATIONS

Sybsection 8.3 explained the profile tolerance zone and
actupl value in the context of a single feature in a fully
congtrained datum reference frame. Profile tolerances
can jlso be applied to multiple features, with a variety
of possible datum feature constraints and tolerance
zong transformations. These are most easily explained
using the system concept, in which the profile tolerance
is tjeated as a system with degrees of freedom and
congtraints. This approach allows optimization and
actupl value calculation for applications with mixed toler-
ancg values and combined controls.

8.4[1 Optimization of Profile Tolerance Systems

Conformance and actual value calculation for a profile
tolefance system is based on the concept ef optimization
withlin constraints. The actual surfaceigeometry and the
tolerance zones for the profile tolerances in the system are
fitted to each other within the“applicable constraints.
Profjile tolerance systems include the following:
basic reference-body with true profile(s)
tolerance zone(s)for considered feature(s)
actual part geometry with actual considered feature
surfpce(s)

actual datum feature surfaces (if applicable)

datum{feature simulators or datum target simula-
(if applicable)

datims and a datum reference frame (if applicable)

tion—onlvand arethus nermitted-to-translate.
4 P

This is an example of a tolerance zone transforrhation, in
which the tolerance zone framework is permitted|to trans-
late relative to the datums (and datum reference ffame). In
this Standard, the term candidate tolerance zone fransfor-
mation is used to describe a particular transforrpation of
the tolerance zone relative to the'basic refererjce-body.
See para. 8.4.7 of this Standard for details on composite
profile.

8.4.1.4 Candidate_Configurations. In this Standard,
the generic term candidate configuration isfused to
describe a particular state of a profile tglerance
system. This{can include a candidate spatial relationship,
candidatetolerance zone transformations, or bpth.

8.4;1.5 Default Optimization Criteria for Calculation
of Actual Values. For most geometric charadteristics
applied to single feature (profile or otherwjse), the
actual value is the smallest tolerance to which the
feature will conform. In terms of optimization, the objec-
tive function is to minimize the size of the zone[that will
just envelop the feature. For profile tolerance sy$tems in-
volving multiple features and mixed tolerance values, this
concept cannot be uniquely applied and must be|general-
ized. In each candidate configuration of such kystems,
candidate actual values for each characteristic can be
calculated.

In this Standard, the default optimization method is to
minimize the maximum value of the growth parpmeter g
for the geometric characteristics in the system. This repre-
sents a generalization of the single-feature cancept of
minimizing the size of the enveloping zong. Actual
values are defined as the candidate actual valups in the
candidate configuration in which the largest value of g
for any feature in the system is minimized.

8.4.2 Constraint Properties of Profile Tolprance
Zones

8.z "I Basit Reference-Body. This s tie design
geometry (para. 1.1.1).

8.4.1.2 Candidate Spatial Relationships. ASME Y14.5-
2009 uses the term “datum feature shift” to describe rela-
tive movement between the datum feature(s) and a datum
reference frame. In this Section, the term “candidate
spatial relationship” is used to describe a particular
instance of rotation and translation between the actual
part geometry and the basic reference-body. This gener-
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A profile tolerance zone is defined in relation to a theo-
retically exact true profile that is considered rigid. The
tolerance zone has perfect form and by default is not
permitted to transform (translate, rotate, or progress)
relative to the true profile. This enables the profile
zone to control form and, where applicable, size of the
considered feature. See Figures 8-9 through 8.12.
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8.4.3 Effect of Pattern Creation (Grouping)
Mechanisms

Pattern creation mechanisms (ALL AROUND, ALL
OVER, between points, nX, n SURFACES, INDICATED)
have the following system-level effects:

(a) All profile characteristics in the pattern are treated
as one profile tolerance system

(b) All profile tolerance zones in the pattern must be

8.4.6 Effect of Simultaneous Requirements

Where simultaneous requirements apply, all profile
tolerances in the system must be optimized simulta-
neously in a common candidate spatial relationship, as
described in para. 8.4.1.5. See Figures 8-25 through 8-28.

8.4.7 Composite Profile
Per ASME Y14.5-2009

evaluatepsimmuttameousty; fTmacommomrcamdidatecomntig=
uration.

The basic reference-body provides a rigid framework
for mutual constraint of the profile tolerance zones. Each
feature’q true profile is a subset of the basic reference-
body, and all of the true profiles in the profile tolerance
system are therefore basically related. The tolerance
zones afe not permitted to transform relative to the
true profile. See Figures 8-13 through 8-16. The combina-
tion of bgsically related tolerance zones and simultaneous
evaluatign enables the control of mutual orientation and
mutual location of the considered features, even in the
absence [of a datum reference frame.

8.4.4 Effect of Individual Profile Specifications

Multiple profile tolerances for which a grouping
mechanifm does not apply have the following properties:

(a) Edch profile tolerance is each treated as a distinct
requirenpent. See Figures 8-17 and 8-18.

(b) E4ch profile tolerance may be optimized individu-
ally, i.e., actual values may be calculated in different candi-
date conffigurations. See Figures 8-19 and 8-20.

8.4.5

Refergncing a datum feature in a profile feature control
frame adds the following to the profile tolerance system:

(a) bgsic datum feature surfaces (subsets of the basic
referencp-body).

(b) ddqtum feature simulators.Unless otherwise speci-
fied, a dafum feature simulatoris-a surface coincident with
or derived from the basic datim feature with the surface
normal pointing in the@pposite direction.

(c) datums and a datum reference frame.

(d) adtual datum-feature surfaces.

(e) refuirements for contact between the actual datum
features|and_the simulators, as defined in ASME Y14.5-
2009 angl further explained in Section 4 of this Standard.

tum Feature References

This provides a composite application of profile tolerjanc-
ing for the location and constraint (rotation and\trapsla-
tion) of a feature pattern (PLTZF) as well as|the
interrelation (location, size, form, orientation)or prdfiled
features within these patterns (FRTZF)<{[8.6.1.3]

The toleranced feature shall lie within both the Pl
and the FRTZF.

Each complete horizontal segment of a composite profile
feature control frame constitutés a separately verifiable
component of multiple interrelated requirements.

In terms of the system’concept, the profile toleran
each segment of a composite feature control frame m3
evaluated as a s€parate profile tolerance system.

TZF

fe in
y be

8.4.7.1 Pattern Locating Tolerance Zone Framework
(PLTZF). Gonformance and actual value are the same|as a
single segment feature control frame.

8.4.7.2 Feature Relating Tolerance Zone Framework
(FRTZF). The feature relating tolerance zone framework
has a slightly different behavior, in that only its rotatipn is
controlled by the datums. Per ASME Y14.5-2009

If datums are specified in the lower segment(s), [they
govern the rotation of the FRTZF relative to the daiums
and within the boundaries established and governed by
the PLTZF. [8.6.1.3(b)(2)]

In terms of the profile tolerance system, the FRTZ}
an additional transformation:

- The FRTZF may freely translate relative to the Basic
reference-body, in order to achieve conformance or
optimal actual value. The tolerance zone shall not progress
or rotate relative to the basic reference-body. These prop-
erties make the FRTZF capable of refining form, size)and
orientation without refining location. See Figures 8-29
through 8-32.

has

8.5 EXTENSION OF TOLERANCE ZONE
BOUNDARIES FOR SHARP CORNERS

These may involve maximum contact (RMB references] or
envelopment (MMB or LMB references).

Therequirements for contactimpose a constraint on the
system that reduces the set of valid candidate spatial rela-
tionships. See Figure 8-21 through 8-24.
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Per ASME Y14.5-2009

Where a profile tolerance encompasses a sharp corner,
the tolerance zone extends to the intersection of the
boundary lines. [8.3.1]

In this Standard, a sharp corner is considered to be a
pointat which the true profile is not tangent continuous. In
such cases, the boundaries are extended until they inter-
sect. This defines an extension to the tolerance zone. For
planar boundaries, a planar extension is created for each
boundary and trimmed at the intersections. For curved
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boundaries, a default method of creating the extension
geometry (linear, constant curvature, other) is not
defined. Enveloping zones for actual value calculation
should use the same extension method used for creating
the tolerance zone. See Figures 8-33 and 8-34.

8.6

NONUNIFORM TOLERANCE ZONE

(a) Definition. Per ASME Y14.5-2009

Table 8-1 Table of Profile Tolerance Dispositions

Tolerance Value Disposition ty
to Equally disposed tuy = to/2 (implied)
to Unequally disposed 0 <t, <t
to Unilateral (outside) t, = to
to Unilateral (inside) t,=0

A
bou
shap
are(
with
“NO
feat

10

llUIlLlIll.erIIIl LU;UIUI!LC LZUTIC l’b u IIluKl'lIlLllll lIluLCll'ul,
hdary and a least material boundary, of unique
e, that encompasses the true profile. These boundaries
jefined in a CAD file or by basic dimensions on a drawing
phantom lines to indicate the tolerance zone. The term
VUNIFORM” replaces the tolerance value within the
re control frame.” [8.3.2]

) Conformance. A feature conforms to a nonuniform

proffile tolerance if all points on the actual surface are

with
(q
assdg
a un

in the specified tolerance zone.

Actual Value. There is no unique tolerance value
ciated with a nonuniform tolerance zone, therefore
ique actual value is not defined.
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Figure 8-1 Tolerance Zone Derivation — Equally Disposed Profile

Segment endpoints

Tolerance
value = ¢,
)(Line segment True profile f - - —1ILMB
of length 7,
Tolerance zone
boundaries
‘
[8.3.1
Figure 8-2 Tolerance Zone Derivation — Unequally Disposed Profile
Segment endpoints
[D]tO1]AB]C - MMB
Tolerance -
value =t¢,
0<t,<t, Line segment True profile T T—{L™B
of length #y
Tolerance zone
< boundaries
‘
8.3.1
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Figure 8-3 Tolerance Zone Derivation — Unilaterally Disposed Profile (Outside)

Segment endpoints

\ _
—— MMB
l@[lo@tu[A[B[Ch
Tolerance . LMB
value =1, Line segment True profile

of length ¢,
tu=t, Tolerance zone

boundaries

[lB.3.1
Figure 8-4 Tolerance Zone Derivation — Unilaterally’Disposed Profile (Inside)
Segment endpoints
(D], @1, [AB]C
Tolerance MMB
value =¢,
te=0 ~ _
Line segment True profile -— iwB
of length ¢, Tolerance zone
boundaries
‘
[lB.3.1
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Figure 8-5 Actual Zone Definition for Equally Disposed Profile — Example of Conformance

Ext
[Sln]alB]c] Point s 1 L+ 2g [D]1+2¢[A]B[C]
Tolerance zone ‘ g Actual zone
- ~ -
v 7 D \L MMB

True profile LMB
Actual surface
Actual Value =#,+ 2g
X
8.3.1
Figure 8-6 Actual Zone Definition for Unequally Disposed Profile — Example of Conformance
n]LO:]Aa]B]C] to I 1o+ 2g [+ 29 © ¢+ g)[A]B]C]
Tolerance zone Actual zone
Y
True profilé Extreme - LMB
Actual surface Point
ActualValue =1,+ 2¢g
X
8.3.1
Figure 8-7 Actual Zone for Unilateral (Outside) Profile — Example of Nonconformance
ISNZEOAREE) o 5} fo+ 2g [+ 29 @ ¢+2)[A[B]C]
Tolerance zone i i Actual zone
Y + -

-

& LMB

True profile =
Actual surface Extreme
Point
Actual Value =1,+2g
X
8.3.1
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Figure 8-8 Actual Zone for Unilateral (Inside) Profile — Example of Nonconformance

(D], O1,]A[B]C] [D]t,+29 @, +g]A[B]C]
Extreme
Tolerance zone Point Actual zone

Actual surface
True profile

Y
MMB
LMB
Actual Value =t,+2g
X
[lB.3.1
Figure 8-9 Profile Tolerance for a Single Feature Without a Datum Reference Frame
[lB.4.2
Figure 8-10 Profile Tolerance-Zone for a Single Feature Without a Datum Reference Frame
0.4 wide tolerance zone
True Profile
(Subset of basic reference-body)
[lB.4.2
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Figure 8-11 Candidate Configuration #1 (System Not Optimized)

0.4 wide tolerance zone Maximum value of g in system is not minimized
Candidate actual value is not optimized

Extreme point .
0.51 wide

actual zone
(a=t,-2g)

8.4.1.2
Figure 8-12 Candidate Configuration #2 (System Optimized)
0.4 wide tolerance zone . . L
Maximum value of g in“system is minimized
Extreme point Candidate actual value'is optimized
Extreme point 0.262 wide
actual zone
(a=1t-2g)
Extreme point
8.4.1.2
Figure 8-13 Actual Values in a (Multi-Feature Profile Tolerance System — Specification
2X multiplier (pattern creation
mechanism) creates a multi-feature
* system with simultaneous evaluation
8.4.3
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Figure 8-14 Actual Values in a Multi-Feature Profile Tolerance System — Basically Related Profile Tolerance Zones

0.4 wide Trug profiles (subsets of
basic reference body)

tolerance zone L
S +
- - 0.4 wide
t - tolerance zone

| . T

[8.4.3

Figure 8-15 Actual Values in a Multi-Feature Profile Tolerance System —
Candidate Configuration #1 (System Not Optimized)

0.322 wide actual Maximumvalde of g in system is not minimized
zone (a,= ti+ 22) Candidate ‘actual values are not optimized.
0.4 wide _
tolerance zone ) £27 '0'0391 0154 wide actual
i == zone (a,= tg+ 2 g)) .
{ Extreme point
— 0.4 wide

tolerance zope

Extreme point

Figure 8-16 Actual Values in a Multi-Feature Profile Tolerance System —
Candidate Configuration #2 (System Optimized)

0.142 wide actual
zone (a,= tg+ 2 g,) Maximum value of g in system is minimized.
Candidate actual values are optimized.

Extreme point

0.4 wide
tolerance _zone

0.142 wide actual
zone (a;= tg+ 2 g,)

/_/L g,=-0.129 0.4 wide
_ l _ tolerance zdne

e
91
@ u @)\ Extreme point

8.4.1.2

Extreme point
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Figure 8-17 Individual Requirements for Profile — Specification

INDIVIDUALLY

INDIVIDUALLY annotation overrides the 2X
pattern creation mechanism, creating distinct
requirements with separate optimization.

O NS

g O

8.4.4
Figure 8-18 Individual Requirements for Profile — Tolerance Zones
/ True profile 2
0.4 wide * 0.4 wide
tolerance __ __ | — 0.
zone 2 True profile 1_1\ __ tolerance
* [ zone 1
\ Q Basic reference body —\ Q J
8.4.4
Figure 8-19 Individual Requirements for Profile — Individual Requirement 1
Candidate displacement is optimized tosminimize g for 0.038 wide actual
eature 1. Feature 2 does not participate in the optimization. zone (a,= ty+ 2g4)
k =-0.181 ﬂl % Extreme points
O 27 o [
Extreme point tolerance zone
)
8.4.4
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Figure 8-20 Individual Requirements for Profile — Individual Requirement 2

Extreme point

Extreme point

Candidate displacement is optimized to minimize g for
Feature 2. Feature 1 does not participate in the optimization.

0.076 wide actual

0.4 wide zone (a,=ty+2g,)
tolerance zone
Extreme point \g H
[8.4.4
Figure 8-21 Datum Feature References With Profile — Specification
Datum feature references
impose additional constraints
* on the system
* )
[8.4.5
Figure 8-22 Datum Feature References With Profile — Tolerance Zones and Simulators
—0.4-wide True profiles (subsets of
tolerance zone basic reference-body)
/ + 0.4 wide
L L B toleranfeizone -
Y[AB,C] * J - - - -
X[A,B,C] \
Basic reference-body
LN
Datum feature simulators
(derived from basic datum features)
8.4.5
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Figure 8-23 Datum Feature References With Profile

— Invalid Candidate Configuration

0.322 wide actual
zone (a,=ty+ 29;)

Full contact requirement between datum feature
simulators and datum feature is not satisfied.
Candidate actual values are not valid.

0.4 wide =-0.039
tolerance zone — 2= -0 1 0.154 wide actual
= = —L zone (a;= ty+ 2g;) Extreme point
g -~ 9,= -0-1231 — 0.4 wide
ek — == * tolerance zone
Y2

e
5.

%

N\

Y[A,B,C]
\ @_X[A,B,C]

N

8.4.5
Figure 8-24 Datum Feature References With Profile — Valid Candidate Configuration
0.4 wide 0.488 wide actual . ) -
tolerance zone  zone (a;= to+ 2 g,) — Constraint requirements are satisfied.
" Candidate actual values are valid.
g,=+0.
[ ___jl__,_ S —— 0:074 wide actual 0.4 wide
{ & zone (a;=t,+2g,) tolerance zone —
9,=-0.163
- B S
J g1 J
XIA.B,C] Datum feature ‘'simulators have progressed @
" to establishnmaximum contact
8.4.9

Figure 8-25 Simultaneous Requirements

for Profile — Specification

(S[os[A
|

Simultaneous requirement
(pattern creation mechanism)
creates multi-feature system
with simultaneous evaluation

[B[03]A

%

)

MIAL

/AR
/

1

\_XA]

0,

J

8.4.6
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Figure 8-26 Simultaneous Requirements for Profile — Tolerance Zones

0.5 wide True profiles (subsets of
tolerance zone the basic reference body)

%

|
.

0.3 wide

tolerance zone

N J
Y[A] Q Basic reference-body\ Q j

X[A]
[8.4.6
Figure 8-27 Simultaneous Requirements for Profile (System NotOptimized)
0.322 wide actual Maximum Value of g in system is not minimiz¢d
. zone (a,=ty+ 29,) Candidate actual values are not optimized.
0.5 wide
tolerance zone
0/154\wide actual
Zone (a,=to* 241) Extreme point
0.3 wide
i tolerance z¢ne
[8.4.6
Figure 8-28 Simultaneous Requirements for Profile (System Optimized)
0.246 wide actual Maximum value of g in system is minimized.
zone (a,=ty+ 29,) Candidate actual values are optimized.
0.5 wide -
tolerance zone — W92 '0-127] 0.046 wide actual
- -~ zone (a;=ty+ 29,)
_’_L Extreme Extreme point
point =-0.127
S NS
T P
. 0.3 wide
Extreme point / ? ) 91 J tolerance zpne
YA} N <~
X[A]
8.4.6
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Figure 8-29 Composite Profile Lower Segment — Specification

2X
04|A|B|C Lower segment (FRTZF)
- 02lAlBlC refines form, mutual location,
: and orientation of features

-

P 2

8.4.7.2
Figure 8-30 Composite Profile Lower Segment —Tolerance Zones’(FRTZF)
True profiles (subsets of
basic reference-body)
| , +
0f2 wide J 0.2 wi
10 .2 wide
tdlerance zone - S L tolerance zone
* [ _ —
Y[AB,C] ) }
X[A,B,C] \ /@
\ Basic reference-body \\ j
Datdam feature simulators
(derived from basic datum features)
8.4.7.2

Figure 8-31 Composite Profile Lower Segment (System Not Optimized)

0.488 wide actual Maximum value of g in system is minimized.
zone (a,=ty+ 29,) Candidate actual values are optimized.
0.p wide g,=+0.144

erance zone ] —— e 0.074 wide actual

& zone (a;=ty*+ 29,)

9= '0-0631 0.2 wide
_ — tolerance zone

T
Y k g1 j %
X
Tolerance zones have not translated @

relative to the DRF to optimize the system.

-
[e]

8.4.7.2
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Figure 8-32 Composite Profile Lower Segment (System Optimized)

0.248 wide actual Maximum value of g in system is minimized.

zone (a,=ty+ 29;) Candidate actual values are optimized.

0.2 wide
tolerance zone

g,=+0.024

0.248 wide actual
zone (a;=ty+29,)

g,= +0.024

0.2 wide
tolerance zone

Y[A,B C] f S S
X[A,B,C]
Tolerance zones have translated relative
to the DRF to optimize the system.
JB.7.2
Figure 8-33 Tolerance Zone Derivation — Profile With Sharp Corner
Tolerance zone éxtension
Sharp,point
True profile
Tolerance zone = t,
Y

8.5

Figure'8-34 Actual Zone Definition — Profile With Sharp Corner

Extreme point
[A]e,+2g]A]B[C]
Actual surface Actual zone
Actual value =t,+ 2g
Tolerance zone = t,
Y
MMB
= True profile -
— — — LMB
X

8.5
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Section 9
Tolerances of Runout

9.1 RUNOUT TOLERANCE

Per AME Y14.5-2009

Runout is a tolerance used to control the functional rela-
tionship pf one or more features to a datum axis established
from a datum feature specified at RMB. [9.2]

The types of features controlled by runout tolerances
include those surfaces constructed around a datum axis
and thosg constructed at right angles to a datum axis. [9.3]

Surfades constructed around a datum axis are those
surfaced that are either parallel to the datum axis or
are at sqme angle other than 90 deg to the datum axis.
The mathematical definition of runout is separated
into twp definitions: one for surfaces constructed
around the datum axis, and one for surfaces constructed
at right gngles to the datum axis. A feature may consist of
surfaces|constructed both around and at right angles to
the dat@im axis. Separate mathematical definitions
describelthe controls imposed by a single runout tolerance
on the distinct surfaces that comprise such a feature.
Circular|and total runout are addressed in paras. 9.1/
and 9.1.2, respectively.

Nomirjal diameters, lengths, radii, and angles estdblish a
cross-se¢tional design geometry having perfedt form and
orientation. The design geometry may be translated
axially of radially, but may not be tilted:or scaled with
respect|/to the datum axis. The tolerance band is
equally disposed about this geometry-and then revolved
around the datum axis, a volumetrie tolerance zone or an
annulus{like surface of revolutien is generated.

9.1.1 Circular Runout

9.1.1.1 Surfaces Constructed Normal to a Datum Axis

(a) De¢finition.<The tolerance zone for each circular
elemenf onm (contained within) a surface that is
construdted-at a right angle to a datum axis is generated
by revolvi i maxis. Thet
segment is parallel to the datum axis and is of length ¢,
where ty is the specified tolerance. The resulting tolerance
zone is the surface of a cylinder of height ¢,.

— . .
For a surface point Pg, a circular runout zone is the

surface of a cylinder consisting of the set of points P satis-
fying the conditions
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~ -  —
‘Dlx(P—A)‘zr

and
~ [ o t
‘Dl'(P - B)‘ < =
2
where
7 = a position vector Jocating the datum axis
B = aposition vectorlocating the center of the zone
D, = the direction vector of the datum axis
I = the ragdial distance from f’)s to the axis
t = the Size of the zone (i.e., the height of the cylin-

drical surface for each surface point)

(b)€onformance. The circular element through a

I .
surface point Pg conforms to the circular runout tolerpnce

to if all points of the element lie within some cirdular
runout zone as defined above with t = t,. That is, there

exists E such that with t = ¢t;, all points of the suyface

element are within the circular runout tolerance zgne.
A surface conforms to the circular runout tolerancelif all
circular surface elements conform.
(c) Actual Value. The actual value of circular runout for
asurface thatis constructed ata right angle to a datumjaxis
is the smallest circular runout tolerance to which itfwill
conform.

9.1.1.2 Surfaces Constructed Around a Datum Axis

(a) Definition. The tolerance zone for each cirdular
element on a surface constructed around a datum |axis
is generated by revolving a line segment about the
datum axis. The line segment is normal to the degired
surface (i.e., the true geometric shape) and is of lepgth

swhere—t5is—the-specified—tolerane irg on
the orientation of the feature, the resulting tolerance
zone will be either a flat annular area, or the surface
of a truncated cone. Mapping these two types to
feature geometry, the former is associated with a right
circular cylinder and the latter with a general surface
of revolution.
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= [ A .
For a surface point P, a datum axis [A , Dl], and a given

mating surface as defined by the true geometric shape, a
circular runout zone for a surface constructed around a

datum axis consists of the set of points P satisfying the

zone bounded by two parallel planes perpendicular to
the datum axis and separated by the specified tolerance.
For a surface constructed at right angles to a datum axis,

. s I
a total runout zone is a volume consisting of the points P

satisfying
conditions JUVENEN ¢
PR Dl-(P—B>§—
(P -B) ~ o 2
z Bl
D B 1
|‘ -~ | WIICTT ]L
B ~ a position vector locating the midsplane of the
and zone
N ; D, = the direction vector of the datuny axis
HP —-B ’ - d‘ = 2 t = the size of the zone (the separation of th¢ parallel
- planes)
N (PS - B) >0
(b) Conformance. A surface conforms to the totpl runout
whefre tolerance t if all points ofithé surface lie within spme total
2l = a position vector locating the datum axis runout zone as definéd‘above with t = t,. Thatlis, there
g = thepointofintersection ofthe datumaxisandthe  exists B such that With t = t,, all points of th¢ surface

line through I_’)S parallel to the direction vector N

ﬁl = the direction vector of the datum axis
! = the distance from B to the center of the zone as
measured parallel to N, where d > t/2
N = the surface normal at ?S determined from the

mating surface as defined by the true geometri¢
shape

£ = the size of the zone as measured parallelto N

Figure 9-1 illustrates a circular runout zpneen a noncy-
lindfical surface of revolution.
(4) Conformance. The circular element through a

—_— .
surfhce point Pg conforms to the circular runout tolerance

to fqr a given mating surface-if all points of the circular
elenpent lie within some circtitlar runout zone as defined
aboye with t = t,. That is,£here exists d such that with t = ¢,
all goints of the circular-element are within the circular
rungut tolerance zone.

Apurface conforms to a circular runout tolerance t, if all
circyilar elements of the surface conform to the circular
runput telerance for the same mating surface as
defined ‘by the true geometric shape.

(d)_Actual Value. The actual value of circular runout for

are within the tetal runout tolerance zone.

(c) ActuakValue. The actual value of total runjout for a
surface €onstructed at right angles to a datum akis is the
smallést total runout tolerance to which it will onform.

9.1.2.2 Surfaces Constructed Around a Datym Axis

(a) Definition. A total runout tolerance zone for a
surface constructed around a datum axis is 4 volume
of revolution generated by revolving an area apout the
datum axis. This area is generated by moving a line
segment of length t,, where t; is the specified tplerance,
along the desired contour as defined by the true geometric
shape with the line segment kept normal to, and centered
on, the desired contour (i.e., the true geometric $hape) at
each point. The area that is generated by sweeping the line
segment along the true geometric shape is revolved about
the datum axis. The resulting tolerance zone is 4 volume
between two surfaces of revolution separatefl by the
specified tolerance, tp.

Given a datum axis defined by the position vectpr A and

the direction vector ﬁl, let E) be a point on the dqtum axis

locating one end of the desired contour as defin¢d by the
true geometric shape, and let r be the distance from the
datum axis to the desired contour as defined by| the true

a surface constructed around a datum axis is the smallest
circular runout tolerance to which it will conform.

9.1.2 Total Runout
9.1.2.1 Surfaces Constructed Normal to a Datum Axis

(a) Definition. A total runout tolerance for a surface
constructed at right angles to a datum axis specifies
that all points of the surface must lie in a tolerance

N N . N

BEOIELTIC Stape at point B Thern, fora giverrB-and r, let
- .

C(B,r) denote the desired contour.

NOTE: Points on the desired contour as defined by the true
geometric shape can be represented by [d, r + f{d)], where d

is the distance along the datum axis from B.

For each possible C(E, r), a total runout zone is defined

N
as the set of points P satisfying the condition
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Figure 9-1 Circular Runout Zone

This on the orthographic views Means this
A
B A
B Dl R — —eo—
\4
Circular
Runout zone (t) J\P d
A \/
9.1.1.2

=
’P—P

where

P ' "|the projection of P onto the surface generated by

rotating C(B ,r) about the datum axis

t =|the size of the zone, measured normal to the
desired contour as described by the true
geometric shape

(b) Conformance. A'surface conforms to a total rupout
tolerance t, if all points of the surface lie within some
runoutzone asdefined above with t = t,. That s, there

I_f and r such that with ¢ = ¢y, all points of the surfacg

within the/total runout tolerance zone.
(c).ctual Value. The actual value of total runout

surface constructed around a datum axis is the sma

total runout tolerance to which it will conform.

rotal
PXist

are

for a
llest
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NONMANDATORY APPENDIX A
PRINCIPAL CHANGES AND IMPROVEMENTS

A-1| GENERAL

The purpose of this Appendix is to provide users a list of
the principal changes and improvements in this revision of
the Standard as compared to the previous issue. The
chanpges are summarized for each Section or Appendix
in tHe form of additions, clarifications, extensions of prin-
ciplgs, or resolution of differences.

A-2| STANDARD Y14 FORMAT

The format of the Standard has been revised to present
the material in the sequence presented in ASME Y14.5-
2009.

A-3[ SECTION 1, SCOPE AND DEFINITIONS
A-3[1 Added Para. 1.2, ASME Y14 Series
Conventions

Explains the ASME Y14 series conventions used in.the
Y14/[series of standards and the conventions were,applied
throughout this Standard.

A-3|2 Added References

Aglded reference to ASME Y14.41-201.2, Digital Product
Defipition Data Practices was added, in para. 1.3.

A-3]|3 New or Revised Terms and Definitions

Definitions and terms~have been enhanced by expan-
sion} addition, clarification, and reorganization.

A-4| SECTION-2, GENERAL TOLERANCING AND
RELATED. PRINCIPLES

A-4/1 AU Figures Redrawn

A-5 SECTION 3, SYMBOLOGY
A-5.1 No Changes to Section 3

A-6 SECTION 4, DATUM REFERENCE FRAMES
A-6.1 All Figures Redrawn

All figures were redrawn to show improvenents for
clarity and readability.

A-6.2 Terminology
Reviseddnyaccordance with ASME Y14.5-200P.

A-6.3 Translation Modifier

A=6.4 Tertiary Datum Simulator

Located and oriented to higher precedence datum.

A-6.5 Added New Datum Feature Types to the DOF
Tables

Cone and linear extrusion.

A-6.6 Added Para. 4.7.11, Alternate Stabilization
Procedures

The definition was added for a single unique dafjum with
a constrained L2 as default.

A-7 SECTION 5, TOLERANCES OF FORM

A-7.1 Renumbered and Made Into Separate[Section

Section 5 was previously Section 6 and includ¢d Orien-
tation, Profile, and Runout

A-7.2 AU Figures Redrawn

AH £ | rs L H Py
TEuUT TS wWiTC T CUTawIr tO—STIO W HTpTOvVETITCTICSTUT

clarity and readability.

A-4.2 Terminology
Revised in accordance with ASME Y14.5-2009

A-4.3 Added Definitions for Actual Local Size

Opposing points and circular element.

All figures were redrawn to show improvements for
clarity and readability.

A-7.3 Terminology
Revised in accordance with ASME Y14.5-2009.

A-7.4 Added Definition

Derived Median Plane and Flatness
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A-8 SECTION 6, TOLERANCES OF ORIENTATION

A-8.1 Renumbered and Made Into Separate Section

Section 5 was previously Section 6 and included Orien-
tation, Profile, and Runout

A-8.2 All Figures Redrawn

All figures were redrawn to show improvements for

A-10.6 Growth Parameter

The growth parameter g was introduced to represent
the amount of length adjustment at each end of the line
segment.

A-10.7 Relationship Between Actual Zone,
Tolerance Zone, Growth Parameter, and
Conformance

clarity afd readabilty.
A-8.3 Tlerminology

Revisdd in accordance with ASME Y14.5-2009.

A-9 SECTION 7, TOLERANCES OF LOCATION

A-9.1

All figures were redrawn to show improvements for
clarity aphd readability.

L Figures Redrawn

A-9.2 Terminology
Revisdd in accordance with ASME Y14.5-2009.

A-10 SECTION 8, TOLERANCES OF PROFILE

A-10.1 Renumbered and Made Into Separate

Sectiop 8 was previously Section 6 and included Form,
Orientat]on, and Runout

A-10.2 Reorganization of Section

The Profile Control section from ASME Y14.5:1M-1994
was movyed to Nonmandatory Appendix.C,Former Prac-
tices, anfl replaced with new text and(figures.

A-10.3

A defipition of a uniformsprefile tolerance zone was
added, ¢lescribing a genetrating line segment swept

rofile Tolerance Zoneé Definition

Ranges for the growth parameter g were summalifized
for conforming, nonconforming, and barely conforming
conditions.

A-10.8 Actual Value Formula

A general formula was defined for the actual valug of a
profile tolerance for a single feature, a = to + 2g. [This
formula applies to uniform prgdfile tolerances of any dispo-
sition.

A-10.9 Application.of Actual Zones

Examples wereladded illustrating actual zone definjtion
for equally disposed, unequally disposed, unilateral
outside, and“nilateral inside dispositions. Conforming
and nonconforming examples are shown.

A-10.10 New Subsection for Profile Applications

A new subsection was added to address profile appllica-
tions involving multiple features, introducing the confcept
of a profile tolerance specification as a system that is ppti-
mized within constraints.

A-10.11 Basic Reference-Body

The new term “basic reference-body” was introducg¢d to
represent the design geometry used as the basis for prpfile
tolerance zones.

A-10.12 Spatial Relationship

The new term “candidate spatial relationship” was
introduced to generalize the Y14.5 concept of dqtum

along thp true profile with' the disposition indicated b

5 Tuep p y feature shift to apply to situations in which datum
the specffication.

feature references are not present.
A-10.4 [Application of Uniform Tolerance Zones .
PP A-10.13 Tolerance Zone Transformation
Examples were added illustrating profile tolerance zone w o .

.. . . The term “tolerance zone transformation” was intro-

derivatibntfor equally disposed, unequally disposed

unilateral inside, and unilateral outside dispositions.

A-10.5 Actual Zone Definition

A definition of an actual profile zone was added in which
the generating line segment is adjusted to just envelop the
actual surface.
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duced in the context of composite profile, to allow descrip-
tion of zones that can translate relative to the basic
reference-body.

A-10.14 Candidate Configurations

The term “candidate configuration” was introduced to
describe a particular state of a profile tolerance system.


https://asmenormdoc.com/api2/?name=ASME Y14.5.1 2019.pdf

ASME Y14.5.1-2019

A-10.15 Default Optimization Criteria

A default criteria was defined for optimization of profile
tolerance systems for the calculation of actual values,
which minimizes the maximum value of the growth pa-
rameter g in the system. This is a generalization of the
minimum-zone criteria defined for single-feature charac-
teristics that can be applied to multiple features and mixed
tolerance values.

A-11.2 All Figures Redrawn

All figures were redrawn to show improvements for
clarity and readability.

A-11.3 Terminology
Revised in accordance with ASME Y14.5-2009.

A-12 NONMANDATORY APPENDICES

A-10.16 Application Examples With No Datum

Reference Frame

A
mizd
seri
with
with

bplication of the actual zone, growth parameter, opti-
tion, and actual value concepts were illustrated in a
s of multi-figure examples. A single-feature system
no datum reference frame was explained, along
multi-feature systems with and without grouping.
A-10.17 Optimization and Actual Value
Calculation Examples With Datum
Reference Frames

Fyrther multi-figure examples were added to illustrate
the pptimization concepts in the context of datum refer-
encq frames. Examples included a fully constrained DRF,
partfially constrained with simultaneous requirements,
and [composite profile lower segment.

A-1
A

D.18 Sharp Corners

mathematical description was added for the extension
thatjoccurs where the true profile has a sharp cornerwith
figures illustrating the tolerance zone deriyation and
actupl zone definition.

A-1

Aldefinition was added for conformance to a nonuni-
form tolerance zone.

D.19 Nonuniform Tolerance Zone

A-11 SECTION 9, TOLERANCES OF RUNOUT

A-11.1 Renumbered-and Made Into Separate

Section

Sé
tatig

ction 5. Was previously Section 6 and included Orien-
n, Profile and Runout

A-12.1 Nonmandatory Appendix A
Nonmandatory Appendix A was added to rdflect the

revisions in this revision of the Standard.

A-12.2 Nonmandatory Appendix B

Nonmandatory Appendix B, “Mathematical Datum
Simulators Referenced at‘RMB,” was added to this revi-
sion.

A-12.3 Nonmandatory Appendix C

Nonmandatory Appendix C, “Former Practiges,” was

added to~this revision.

A-12.4 'Nonmandatory Appendix D

Nonmandatory Appendix D, “Concepts Related to Size,”

was added to this revision.

A-12.5 Nonmandatory Appendix E

Nonmandatory Appendix E, “A Selection of Mathema-

tical Concepts,” was added to this revision.

A-12.6 Nonmandatory Appendix F

e of the
his revi-

Nonmandatory Appendix F, “Potential Misu
Swept-Sphere Definition of Size,” was added to
sion.
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NONMANDATORY APPENDIX B
MATHEMATICAL DATUM SIMULATORS REFERENCED AT RMB:
DEFINITIONS AND PROPERTIES

B-1 INTRODUCTION

Itis vejry common for tolerances to have datum features
referencpd at RMB. Per this Standard (see Section 4), in
these scgnarios a possibly-infinite set of candidate datum
feature dimulators is associated with the datum feature.
Any of the candidate simulators may be used to evaluate
the tolerpnces, and so the task is to identify which simu-
lator, if gny, enables the tolerances to pass.

Howeyer, in many scenarios it is desirable to specify a
single d4tum feature simulator associated with a datum
feature referenced at RMB. Having a single datum feature
simulatojr corresponds more closely to typical mechanical
techniqlies of evaluating tolerances. For example, a
metrology engineer might place a datum plane feature
on a physical datum plane simulator (surface plate),
and if thie part “rocks” shims would be used to stabilize
the part

Due tg
lator, the

the desirability of a single datum feature simu-
purpose of this Appendix is to allow design engi-
neers to ppecify a well-defined single simulator asseciated
with datum features. This Appendix provides,several
mathemptical definitions for single simulators corre-
sponding to datums referenced at RMB.<The definitions’
propertigs are analyzed, and a recommehndation is made
for which definition is likely to be the best in most cases.

B-2 REQUIREMENTS FOR-A-SINGLE SIMULATOR

Therefre several desirable attributes of a definition for
asingle datum featuresirmulator. First, the simulator must
be extermpal to the material (externality). Second, the simu-
lator mufpt contactthe part (contact). Third, in cases where
the datupn feature “rocks,” the solution chosen must be a

B-2.1 Concepts of Simulator Definitions

In practical datum simulator definitions, it is helpful to
define the concept of signed distance.The absolute value
of the signed distance is the same-as normally understood
distance. The sign conveys 4nformation about inside
versus outside. In this document, the following converjtion
is used: negative distanceS)are inside the surface of the
datum simulator while{positive distances are outiside
the surface of the datum simulator. See Figure |B-1,
which illustrates positive and negative distances.

Using the eoncept of signed distance, a signed residual
function rg(P|S) can be defined. That is, given a d4tum
feature'sssurface F, and a candidate datum simulaflor S
and a(point P on the feature’s surface F, the residupl rg
(PIS).1s defined as the signed distance from the point P
tosthe simulator’s surface S. The first of the desired sjmu-
lator attributes, the simulator being external to the njate-
rial, is then equivalent to requiring the signed residudls to
be positive.

B-2.2 Nonexternal Simulator Definitions

The simplest definitions for single simulators dg not
guarantee a simulator that is external to the datum
feature. In fact, they guarantee the simulator intergects
the datum feature unless the feature has perfect fprm.
While these nonexternal definitions do not satisfy the re-
quirements for a good simulator, they may be useffil in
some cases, explained below. More importantly, these
nonexternal definitions are relatively simple, so they
form a good base for understanding the external dgfini-
tions provided later on.

B-2.2.1 Least Squares. The simplest definition for a

single sofutionthat minimizes the separation betweenthe  gingle simulator is that of least squares (also called Gaus-
datum feature and the datum simulator (plausibility) PN T PN VSRS S A c Cadopr s : ]
I 7 Dlall)- I'TIT CITUSTIT STITTUIAdlUT 15 UIIT SUIriatc o uuiac lllllllll..lzes

Fourth, minute changes in the manufactured part
should not correspond to large changes in the datum simu-
lator (repeatability or stability); in other words, two simi-
larly-manufactured parts should have similar datum
simulators.
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the sum (integral) of squared distances between S and the
datum feature. That is, S is the surface (e.g., plane, cylin-
der) that minimizes

(7))

hrer

See Figure B-2, which illustrates what a least squares
simulator looks like. Two-dimensional simplifications of
common feature types are shown. The least squares

2
| ae
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simulator’s greatest strength is its repeatability across
parts: similarly manufactured parts will almost always
have highly similar datum simulators.

B-2.2.2 Min-Max. Another definition for a single simu-
lator is known as min-max; it is also known as Chebyshev,
minimax, and minimum zone. The min-max simulator
surface Sis the surface that minimizes the maximum abso-
lute distance between S and the datum feature. That is, S
min

mizes

B-2.3 External Simulator Definitions

Like the simple nonexternal simulator definitions, the
external simulator definitions minimize a norm. However,
they utilize a progression strategy or a constraint to
ensure externality.

B-2.3.1 Progression Strategies. Perhaps the simplest
way to create an external simulator is to compute a simple
nonexternal simulator, and allow it to progress in some

max |rp(PIS)]
PEF

P¢r this definition, the worst deviation (also known as
resiglual) is as small as possible. This property is why min-
max] fitting is used in many tolerance calculations (cylin-
dricjty, flatness, perpendicularity, etc.). See Figure B-3 for
an ijlustration of min-max datum feature simulators.

B
lato
miz3
min
the g
lute
min

2.2.3 L1 Minimization. The last nonexternal simu-
defined in this Appendix is the L1 (or L; or L') mini-
tion; itis also known asleast absolute deviations or as
mal sum of absolute deviations. The L1 simulator is
urface S that minimizes the sum (integral) of the abso-
distances between S and the datum feature. That is, S
mizes

[ i)l
PeF

The greatest strength of the L1 association is that it can
igndre relatively strong aberrations relatively easily.
Niclts and ridges in the surface have relatively Jittle
effe¢t on the simulator. In a sense, the least squakres simu-
latof is a “mean” or average of the datum feature surface,
while the L1 simulator is a “median” of the.datum feature
surfpce. See Figure B-4 for an illustration of L1 simulators.

B
the
nunj
dist
lato

2.2.4 Normsand Names. Thenname “L1” comes from
oncept of p-norms within vector spaces, where p is a

ber between 1 and .. The p-norm d,(F, S) of the

inces between a datwm-feature surface F and a simu-
surface S is given\by

4GS =1 [ PP

Any Lp simulator minimizes the corresponding p-norm
of the distance between the feature surface and the simu-
lator surface. Thus, the above definitions — least squares,

way such that it becomes external. The most|familiar
example is sometimes known as translated least
squares: a least squares plane can be translatefl until it
is external to the material. Other kinds"of progression
besides translation may be desirable. For expmple, a
least squares cylinder may grow-or shrink until it is
external to the material. See Figure B-5 for illustration.

[tis not always desirable’to progress the simulgtor until
itis wholly external to theuraterial. [t may be beneficial to
approximate how mating parts fit together. For example, a
datum plane featuretypically mates with a corregponding
datum plane feature on another part. Typically, the peaks
and valleys of.one part will not perfectly line up with those
of the otheér, allowing some nesting in the texture. This is
depictedtin Figure B-6. In these situations, i may be
preferable to not require the datum simulator to he strictly
external to the material and instead take a least squares
simulator, and translate/progress it until it is m¢stly, but
not fully, external to the material, as shown in Figure B-7.

Datum simulators chosen by progression sfrategies
may be useful, but they are typically not playsible, in
the sense that they only rarely correspond to a simulator
a metrology engineer might have chosen. For eyample, a
least squares plane that is translated to be extermal to the
material will typically have only one point of confact with
the simulator. By contrast, a metrology engine¢r would
usually choose a simulator with two or three points of
contact.

B-2.3.2 Constrained Norm-Minimizing Stnategies.
Another way to define an external simulator {s to add
constraints to the optimization problem. Any norm can
be minimized, but a constraintis added such that the simu-
lator is required to minimize the norm while being
external to the material.

For example, a constrained least squaref (i.e., a
constrained L2) simulator can be defined as the gimulator
S that minimizes

min-max, and L1 minimization — can be rewritten in
consistent terms, where least squares corresponds to
the L2 minimization, and min-max corresponds to the
Loo minimization.
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[ reeis)* aF
PEF

subject to the constraint that the simulator lies outside the
material (i.e., subject to the constraint that rg(P|S) = 0 for
every point P on the datum feature).

In other words, minimize the integrated squared
distances, while requiring all the signed distances to
be non-negative. The three main constrained simulator
definitions — constrained L1, constrained L2, and


https://asmenormdoc.com/api2/?name=ASME Y14.5.1 2019.pdf

