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example of calculating arithmetic 

mean.

(7) Subtract the reference value, yref

(or ȳrefi), from the arithmetic mean, ȳi.

Record this value as the error, ei.

(8) Repeat the steps specified in para-

graphs (d)(2) through (7) of this section 

until you have ten arithmetic means 

(ȳ1, ȳ2, ȳi, ...ȳ10), ten standard devi-

ations, (s1, s2, si,...s10), and ten errors 

(e1, e2, ei,...e10).

(9) Use the following values to quan-

tify your measurements: 

(i) Accuracy. Instrument accuracy is 

the absolute difference between the ref-

erence quantity, yref (or ȳref), and the 

arithmetic mean of the ten ȳi, ȳ values.

Refer to the example of an accuracy 

calculation in § 1065.602. We recommend 

that instrument accuracy be within 

the specifications in Table 1 of 

§ 1065.205. 

(ii) Repeatability. Repeatability is two 

times the standard deviation of the ten 

errors (that is, repeatability = 2 · σe).
Refer to the example of a standard-de-

viation calculation in § 1065.602. We rec-

ommend that instrument repeatability 

be within the specifications in Table 1 

of § 1065.205. 

(iii) Noise. Noise is two times the 

root-mean-square of the ten standard 

deviations (that is, noise = 2 · rmsσ)

when the reference signal is a zero- 

quantity signal. Refer to the example 

of a root-mean-square calculation in 

§ 1065.602. We recommend that instru-

ment noise be within the specifications 

in Table 1 of § 1065.205. 

(10) You may use a measurement in-

strument that does not meet the accu-

racy, repeatability, or noise specifica-

tions in Table 1 of § 1065.205, as long as 

you meet the following criteria: 

(i) Your measurement systems meet 

all the other required calibration, 

verification, and validation specifica-

tions that apply as specified in the reg-

ulations.

(ii) The measurement deficiency does 

not adversely affect your ability to 

demonstrate compliance with the ap-

plicable standards. 

[70 FR 40516, July 13, 2005, as amended at 73 

FR 37301, June 30, 2008; 75 FR 23037, Apr. 30, 

2010; 79 FR 23763, Apr. 28, 2014] 

§ 1065.307 Linearity verification. 
(a) Scope and frequency. Perform lin-

earity verification on each measure-

ment system listed in Table 1 of this 

section at least as frequently as indi-

cated in Table 1 of § 1065.303, consistent 

with measurement system manufactur-

er’s recommendations and good engi-

neering judgment. The intent of lin-

earity verification is to determine that 

a measurement system responds accu-

rately and proportionally over the 

measurement range of interest. Lin-

earity verification generally consists 

of introducing a series of at least 10 

reference values to a measurement sys-

tem. The measurement system quan-

tifies each reference value. The meas-

ured values are then collectively com-

pared to the reference values by using 

a least-squares linear regression and 

the linearity criteria specified in Table 

1 of this section. 

(b) Performance requirements. If a 

measurement system does not meet the 

applicable linearity criteria referenced 

in Table 1 of this section, correct the 

deficiency by re-calibrating, servicing, 

or replacing components as needed. Re-

peat the linearity verification after 

correcting the deficiency to ensure 

that the measurement system meets 

the linearity criteria. Before you may 

use a measurement system that does 

not meet linearity criteria, you must 

demonstrate to us that the deficiency 

does not adversely affect your ability 

to demonstrate compliance with the 

applicable standards. 

(c) Procedure. Use the following lin-

earity verification protocol, or use 

good engineering judgment to develop 

a different protocol that satisfies the 

intent of this section, as described in 

paragraph (a) of this section: 

(1) In this paragraph (c), the letter 

‘‘y’’ denotes a generic measured quan-

tity, the superscript over-bar denotes 

an arithmetic mean (such as y), and the 

subscript ‘‘ref’’ denotes the known or 

reference quantity being measured. 

(2) Use good engineering judgment to 

operate a measurement system at nor-

mal operating conditions. This may in-

clude any specified adjustment or peri-

odic calibration of the measurement 

system.

(3) If applicable, zero the instrument 

as you would before an emission test 
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by introducing a zero signal. Depending 

on the instrument, this may be a zero- 

concentration gas, a reference signal, a 

set of reference thermodynamic condi-

tions, or some combination of these. 

For gas analyzers, use a zero gas that 

meets the specifications of § 1065.750 

and introduce it directly at the ana-

lyzer port. 

(4) If applicable, span the instrument 

as you would before an emission test 

by introducing a span signal. Depend-

ing on the instrument, this may be a 

span-concentration gas, a reference 

signal, a set of reference thermo-

dynamic conditions, or some combina-

tion of these. For gas analyzers, use a 

span gas that meets the specifications 

of § 1065.750 and introduce it directly at 

the analyzer port. 

(5) If applicable, after spanning the 

instrument, check zero with the same 

signal you used in paragraph (c)(3) of 

this section. Based on the zero reading, 

use good engineering judgment to de-

termine whether or not to rezero and 

or re-span the instrument before con-

tinuing.

(6) For all measured quantities, use 

the instrument manufacturer’s rec-

ommendations and good engineering 

judgment to select reference values, 

yrefi, that cover a range of values that 

you expect would prevent extrapo-

lation beyond these values during 

emission testing. We recommend se-

lecting a zero reference signal as one of 

the reference values for the linearity 

verification. For pressure, tempera-

ture, dewpoint, power, current, volt-

age, photoacoustic analyzers, and GC– 

ECD linearity verifications, we rec-

ommend at least three reference val-

ues. For all other linearity 

verifications select at least ten ref-

erence values. 

(7) Use the instrument manufactur-

er’s recommendations and good engi-

neering judgment to select the order in 

which you will introduce the series of 

reference values. For example, you 

may select the reference values ran-

domly to avoid correlation with pre-

vious measurements and to avoid 

hysteresis; you may select reference 

values in ascending or descending order 

to avoid long settling times of ref-

erence signals; or you may select val-

ues to ascend and then descend to in-

corporate the effects of any instrument 

hysteresis into the linearity 

verification.

(8) Generate reference quantities as 

described in paragraph (d) of this sec-

tion. For gas analyzers, use gas con-

centrations known to be within the 

specifications of § 1065.750 and intro-

duce them directly at the analyzer 

port.

(9) Introduce a reference signal to the 

measurement instrument. 

(10) Allow time for the instrument to 

stabilize while it measures the value at 

the reference condition. Stabilization 

time may include time to purge an in-

strument and time to account for its 

response.

(11) At a recording frequency of at 

least f Hz, specified in Table 1 of 

§ 1065.205, measure the value at the ref-

erence condition for 30 seconds (you 

may select a longer sampling period if 

the recording update frequency is less 

than 0.5 Hz) and record the arithmetic 

mean of the recorded values, yi. Refer 

to § 1065.602 for an example of calcu-

lating an arithmetic mean. 

(12) Repeat the steps in paragraphs 

(c)(9) though (11) of this section until 

measurements are complete at each of 

the reference conditions. 

(13) Use the arithmetic means, yi, and 

reference values, yrefi, to calculate 

least-squares linear regression param-

eters and statistical values to compare 

to the minimum performance criteria 

specified in Table 1 of this section. Use 

the calculations described in § 1065.602. 

Using good engineering judgment, you 

may weight the results of individual 

data pairs (i.e. (yrefi, yi,)), in the linear 

regression calculations. 

(d) Reference signals. This paragraph 

(d) describes recommended methods for 

generating reference values for the lin-

earity-verification protocol in para-

graph (c) of this section. Use reference 

values that simulate actual values, or 

introduce an actual value and measure 

it with a reference-measurement sys-

tem. In the latter case, the reference 

value is the value reported by the ref-

erence-measurement system. Reference 

values and reference-measurement sys-

tems must be NIST-traceable. We rec-

ommend using calibration reference 

quantities that are NIST-traceable 
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within 0.5% uncertainty, if not speci-

fied elsewhere in this part 1065. Use the 

following recommended methods to 

generate reference values or use good 

engineering judgment to select a dif-

ferent reference: 

(1) Speed. Run the engine or dyna-

mometer at a series of steady-state 

speeds and use a strobe, photo tachom-

eter, or laser tachometer to record ref-

erence speeds. 

(2) Torque. Use a series of calibration 

weights and a calibration lever arm to 

simulate engine torque. You may in-

stead use the engine or dynamometer 

itself to generate a nominal torque 

that is measured by a reference load 

cell or proving ring in series with the 

torque-measurement system. In this 

case, use the reference load cell meas-

urement as the reference value. Refer 

to § 1065.310 for a torque-calibration 

procedure similar to the linearity 

verification in this section. 

(3) Electrical power, current, and volt-
age. You must perform linearity 

verification for either electrical power 

meters, or for current and voltage me-

ters. Perform linearity verifications 

using a reference meter and controlled 

sources of current and voltage. We rec-

ommend using a complete calibration 

system that is suitable for the elec-

trical power distribution industry. 

(4) Fuel rate. Operate the engine at a 

series of constant fuel-flow rates or re- 

circulate fuel back to a tank through 

the fuel flow meter at different flow 

rates. Use a gravimetric reference 

measurement (such as a scale, balance, 

or mass comparator) at the inlet to the 

fuel-measurement system. Use a stop-

watch or timer to measure the time in-

tervals over which reference masses of 

fuel are introduced to the fuel meas-

urement system. The reference fuel 

mass divided by the time interval is 

the reference fuel flow rate. 

(5) Flow rates—inlet air, dilution air, 
diluted exhaust, raw exhaust, or sample 
flow. Use a reference flow meter with a 

blower or pump to simulate flow rates. 

Use a restrictor, diverter valve, a vari-

able-speed blower or a variable-speed 

pump to control the range of flow 

rates. Use the reference meter’s re-

sponse as the reference values. 

(i) Reference flow meters. Because the 

flow range requirements for these var-

ious flows are large, we allow a variety 

of reference meters. For example, for 

diluted exhaust flow for a full-flow di-

lution system, we recommend a ref-

erence subsonic venturi flow meter 

with a restrictor valve and a blower to 

simulate flow rates. For inlet air, dilu-

tion air, diluted exhaust for partial- 

flow dilution, raw exhaust, or sample 

flow, we allow reference meters such as 

critical flow orifices, critical flow 

venturis, laminar flow elements, mas-

ter mass flow standards, or Roots me-

ters. Make sure the reference meter is 

calibrated and its calibration is NIST- 

traceable. If you use the difference of 

two flow measurements to determine a 

net flow rate, you may use one of the 

measurements as a reference for the 

other.

(ii) Reference flow values. Because the 

reference flow is not absolutely con-

stant, sample and record values of ṅrefi

for 30 seconds and use the arithmetic 

mean of the values, ṅref, as the ref-

erence value. Refer to § 1065.602 for an 

example of calculating arithmetic 

mean.

(6) Gas division. Use one of the two 

reference signals: 

(i) At the outlet of the gas-division 

system, connect a gas analyzer that 

meets the linearity verification de-

scribed in this section and has not been 

linearized with the gas divider being 

verified. For example, verify the lin-

earity of an analyzer using a series of 

reference analytical gases directly 

from compressed gas cylinders that 

meet the specifications of § 1065.750. We 

recommend using a FID analyzer or a 

PMD or MPD O2 analyzer because of 

their inherent linearity. Operate this 

analyzer consistent with how you 

would operate it during an emission 

test. Connect a span gas to the gas-di-

vider inlet. Use the gas-division system 

to divide the span gas with purified air 

or nitrogen. Select gas divisions that 

you typically use. Use a selected gas 

division as the measured value. Use the 

analyzer response divided by the span 

gas concentration as the reference gas- 

division value. Because the instrument 

response is not absolutely constant, 

sample and record values of xref for 30 

seconds and use the arithmetic mean of 

the values, xref, as the reference value. 
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Refer to § 1065.602 for an example of cal-

culating arithmetic mean. 

(ii) Using good engineering judgment 

and the gas divider manufacturer’s rec-

ommendations, use one or more ref-

erence flow meters to measure the flow 

rates of the gas divider and verify the 

gas-division value. 

(7) Continuous constituent concentra-
tion. For reference values, use a series 

of gas cylinders of known gas con-

centration or use a gas-division system 

that is known to be linear with a span 

gas. Gas cylinders, gas-division sys-

tems, and span gases that you use for 

reference values must meet the speci-

fications of § 1065.750. 

(8) Temperature. You may perform the 

linearity verification for temperature 

measurement systems with 

thermocouples, RTDs, and thermistors 

by removing the sensor from the sys-

tem and using a simulator in its place. 

Use a NIST-traceable simulator that is 

independently calibrated and, as appro-

priate, cold-junction-compensated. The 

simulator uncertainty scaled to abso-

lute temperature must be less than 

0.5% of Tmax. If you use this option, you 

must use sensors that the supplier 

states are accurate to better than 0.5% 

of Tmax compared with their standard 

calibration curve. 

(9) Mass. For linearity verification 

for gravimetric PM balances, use exter-

nal calibration weights that meet the 

requirements in § 1065.790. 

(e) Measurement systems that require 
linearity verification. Table 1 of this sec-

tion indicates measurement systems 

that require linearity verification, sub-

ject to the following provisions: 

(1) Perform linearity verification 

more frequently based on the instru-

ment manufacturer’s recommendation 

or good engineering judgment. 

(2) The expression ‘‘xmin’’ refers to the 

reference value used during linearity 

verification that is closest to zero. This 

is the value used to calculate the first 

tolerance in Table 1 of this section 

using the intercept, a0. Note that this 

value may be zero, positive, or negative 

depending on the reference values. For 

example, if the reference values chosen 

to validate a pressure transducer vary 

from ¥10 to ¥1 kPa, xmin is ¥1 kPa. If 

the reference values used to validate a 

temperature device vary from 290 to 390 

K, xmin is 290 K. 

(3) The expression ‘‘max’’ generally 

refers to the absolute value of the ref-

erence value used during linearity 

verification that is furthest from zero. 

This is the value used to scale the first 

and third tolerances in Table 1 of this 

section using a0 and SEE. For example, 

if the reference values chosen to vali-

date a pressure transducer vary from 

¥10 to ¥1 kPa, then pmax is +10 kPa. If 

the reference values used to validate a 

temperature device vary from 290 to 390 

K, then Tmax is 390 K. For gas dividers 

where ‘‘max’’ is expressed as, xmax/xspan;

xmax is the maximum gas concentration 

used during the verification, xspan is the 

undivided, undiluted, span gas con-

centration, and the resulting ratio is 

the maximum divider point reference 

value used during the verification 

(typically 1). The following are special 

cases where ‘‘max’’ refers to a different 

value:

(i) For linearity verification with a 

PM balance, mmax refers to the typical 

mass of a PM filter. 

(ii) For linearity verification of 

torque on the engine’s primary output 

shaft, Tmax refers to the manufacturer’s 

specified engine torque peak value of 

the lowest torque engine to be tested. 

(4) The specified ranges are inclusive. 

For example, a specified range of 0.98– 

1.02 for a1 means 0.98≤a1≤1.02.

(5) Linearity verification is optional 

for systems that pass the flow-rate 

verification for diluted exhaust as de-

scribed in § 1065.341 (the propane check) 

or for systems that agree within ±2%

based on a chemical balance of carbon 

or oxygen of the intake air, fuel, and 

exhaust.

(6) You must meet the a1 criteria for 

these quantities only if the absolute 

value of the quantity is required, as op-

posed to a signal that is only linearly 

proportional to the actual value. 

(7) Linearity verification is required 

for the following temperature measure-

ments:

(i) The following temperature meas-

urements always require linearity 

verification:

(A) Air intake. 

(B) Aftertreatment bed(s), for engines 

tested with aftertreatment devices sub-

ject to cold-start testing. 
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(C) Dilution air for gaseous and PM 

sampling, including CVS, double-dilu-

tion, and partial-flow systems. 

(D) PM sample. 

(E) Chiller sample, for gaseous sam-

pling systems that use thermal chillers 

to dry samples and use chiller tempera-

ture to calculate the dewpoint at the 

outlet of the chiller. For your testing, 

if you choose to use a high alarm tem-

perature setpoint for the chiller tem-

perature as a constant value in deter-

mining the amount of water removed 

from the emission sample, you may use 

good engineering judgment to verify 

the accuracy of the high alarm tem-

perature setpoint instead of linearity 

verification on the chiller temperature. 

To verify that the alarm trip point 

value is no less than 2.0 °C below the 

reference value at the trip point, we 

recommend that you input a reference 

simulated temperature signal below 

the alarm trip point and increase this 

signal until the high alarm trips. 

(ii) Linearity verification is required 

for the following temperature measure-

ments if these temperature measure-

ments are specified by the engine man-

ufacturer:

(A) Fuel inlet. 

(B) Air outlet to the test cell’s 

charge air cooler air outlet, for engines 

tested with a laboratory heat ex-

changer that simulates an installed 

charge air cooler. 

(C) Coolant inlet to the test cell’s 

charge air cooler, for engines tested 

with a laboratory heat exchanger that 

simulates an installed charge air cool-

er.

(D) Oil in the sump/pan. 

(E) Coolant before the thermostat, 

for liquid-cooled engines. 

(8) Linearity verification is required 

for the following pressure measure-

ments:

(i) The following pressure measure-

ments always require linearity 

verification:

(A) Air intake restriction. 

(B) Exhaust back pressure as re-

quired in § 1065.130(h). 

(C) Barometer. 

(D) CVS inlet gage pressure where 

the raw exhaust enters the tunnel. 

(E) Sample dryer, for gaseous sam-

pling systems that use either osmotic- 

membrane or thermal chillers to dry 

samples. For your testing, if you 

choose to use a low alarm pressure set-

point for the sample dryer pressure as 

a constant value in determining the 

amount of water removed from the 

emission sample, you may use good en-

gineering judgment to verify the accu-

racy of the low alarm pressure setpoint 

instead of linearity verification on the 

sample dryer pressure. To verify that 

the trip point value is no more than 4.0 

kPa above the reference value at the 

trip point, we recommend that you 

input a reference pressure signal above 

the alarm trip point and decrease this 

signal until the low alarm trips. 

(ii) Linearity verification is required 

for the following pressure measure-

ments if these pressure measurements 

are specified by the engine manufac-

turer:

(A) The test cell’s charge air cooler 

and interconnecting pipe pressure drop, 

for turbo-charged engines tested with a 

laboratory heat exchanger that simu-

lates an installed charge air cooler. 

(B) Fuel outlet. 

TABLE 1 OF § 1065.307—MEASUREMENT SYSTEMS THAT REQUIRE LINEARITY VERIFICATION

Measurement system Quantity 
Linearity criteria 

|xmin(a1¥1)+a 0| a1 SEE r 2

Speed ...................................................... fn .................... ≤ 0.05% · fnmax ... 0.98–1.02 ≤ 2% · fnmax ........ ≥ 0.990
Torque ..................................................... T .................... ≤ 1% · Tmax ......... 0.98–1.02 ≤ 2% · Tmax ......... ≥ 0.990
Electrical power ....................................... P .................... ≤ 1% · Pmax 0.98–1.02 ≤ 2% · Pmax ≥ 0.990
Current ..................................................... I ...................... ≤ 1% · Imax 0.98–1.02 ≤ 2% · Imax ≥ 0.990
Voltage ..................................................... U .................... ≤ 1% · Umax ........ 0.98–1.02 ≤ 2% · Umax ........ ≥ 0.990
Fuel flow rate ........................................... ṁ .................... ≤ 1% · ṁmax ........ 0.98–1.02 ≤ 2% · ṁmax ........ ≥ 0.990
Intake-air ..................................................
flow rate1 ...............................................

ṅ ..................... ≤ 1% · ṅmax ......... 0.98–1.02 ≤ 2% · ṅmax ......... ≥ 0.990

Dilution air flow rate 1 .............................. ṅ ..................... ≤ 1% · ṅmax ......... 0.98–1.02 ≤ 2% · ṅmax ......... ≥ 0.990
Diluted exhaust flow rate 1 ....................... ṅ ..................... ≤ 1% · ṅmax ......... 0.98–1.02 ≤ 2% · ṅmax ......... ≥ 0.990
Raw exhaust flow rate 1 ........................... ṅ ..................... ≤ 1% · ṅmax ......... 0.98–1.02 ≤ 2% · ṅmax ......... ≥ 0.990
Batch sampler flow rates 1 ....................... ṅ ..................... ≤ 1% · ṅmax ......... 0.98–1.02 ≤ 2% · ṅmax ......... ≥ 0.990
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TABLE 1 OF § 1065.307—MEASUREMENT SYSTEMS THAT REQUIRE LINEARITY VERIFICATION—
Continued

Measurement system Quantity 
Linearity criteria 

|xmin(a1¥1)+a 0| a1 SEE r 2

Gas dividers ............................................. x/xspan ............. ≤ 0.5% · xmax/
xspan.

0.98–1.02 ≤ 2% · xmax/xspan ≥ 0.990

Gas analyzers for laboratory testing ....... x ..................... ≤ 0.5% · xmax ...... 0.99–1.01 ≤ 1% · xmax ......... ≥ 0.998
Gas analyzers for field testing ................. x ..................... ≤ 1% · xmax ......... 0.99–1.01 ≤ 1% · xmax ......... ≥ 0.998
PM balance .............................................. m .................... ≤ 1% · mmax ........ 0.99–1.01 ≤ 1% · mmax ........ ≥ 0.998
Pressures ................................................. p ..................... ≤ 1% · pmax ......... 0.99–1.01 ≤ 1% · pmax ......... ≥ 0.998
Dewpoint for intake air, PM-stabilization 

and balance environments.
Tdew ................ ≤ 0.5% · Tdewmax 0.99–1.01 ≤ 0.5% · Tdewmax ≥ 0.998

Other dewpoint measurements ............... Tdew ................ ≤ 1% · Tdewmax- ... 0.99–1.01 ≤ 1% · Tdewmax- ... ≥ 0.998
Analog-to-digital conversion of tempera-

ture signals.
T .................... ≤ 1% · Tmax ......... 0.99–1.01 ≤ 1% · Tmax ......... ≥ 0.998

1 For flow meters that determine volumetric flow rate, V̇std, you may substitute V̇std for ṅ as the quantity and substitute V̇stdmax
for ṅmax.

]79 FR 23763, Apr. 28, 2014] 

§ 1065.308 Continuous gas analyzer 
system-response and updating-re-
cording verification—for gas ana-
lyzers not continuously com-
pensated for other gas species. 

(a) Scope and frequency. This section 

describes a verification procedure for 

system response and updating-record-

ing frequency for continuous gas ana-

lyzers that output a gas species mole 

fraction (i.e., concentration) using a 

single gas detector, i.e., gas analyzers 

not continuously compensated for 

other gas species measured with mul-

tiple gas detectors. See § 1065.309 for 

verification procedures that apply to 

continuous gas analyzers that are con-

tinuously compensated for other gas 

species measured with multiple gas de-

tectors. Perform this verification to 

determine the system response of the 

continuous gas analyzer and its sam-

pling system. This verification is re-

quired for continuous gas analyzers 

used for transient or ramped-modal 

testing. You need not perform this 

verification for batch gas analyzer sys-

tems or for continuous gas analyzer 

systems that are used only for discrete- 

mode testing. Perform this verification 

after initial installation (i.e., test cell 

commissioning) and after any modi-

fications to the system that would 

change system response. For example, 

perform this verification if you add a 

significant volume to the transfer lines 

by increasing their length or adding a 

filter; or if you reduce the frequency at 

which the gas analyzer updates its out-

put or the frequency at which you sam-

ple and record gas-analyzer concentra-

tions.

(b) Measurement principles. This test 

verifies that the updating and record-

ing frequencies match the overall sys-

tem response to a rapid change in the 

value of concentrations at the sample 

probe. Gas analyzers and their sam-

pling systems must be optimized such 

that their overall response to a rapid 

change in concentration is updated and 

recorded at an appropriate frequency 

to prevent loss of information. This 

test also verifies that the measurement 

system meets a minimum response 

time. You may use the results of this 

test to determine transformation time, 

t50, for the purposes of time alignment 

of continuous data in accordance with 

§ 1065.650(c)(2)(i). You may also use an 

alternate procedure to determine t50 in

accordance with good engineering judg-

ment. Note that any such procedure for 

determining t50 must account for both 

transport delay and analyzer response 

time.

(c) System requirements. Demonstrate

that each continuous analyzer has ade-

quate update and recording frequencies 

and has a minimum rise time and a 

minimum fall time during a rapid 

change in gas concentration. You must 

meet one of the following criteria: 

(1) The product of the mean rise 

time, t10–90, and the frequency at which 

the system records an updated con-

centration must be at least 5, and the 

product of the mean fall time, t90–10,
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