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€' Note—Editorially corrected Equations 2, 3, and 6 in April 2003.

1. Scope the model prediction is generally higher than the measured

1.1 This guide provides quantitative and qualitative tools forconcentration for a specific situation). _
evaluation of indoor air quality (IAQ) models. These tools 3:2.3 model chambern—an indoor airspace of defined
include methods for assessing overall model performance a®lume used in model calculations; IAQ models can be
well as identifying specific areas of deficiency. Guidance isspecified for a single chamber or for multiple, interconnected
also provided in choosing data sets for model evaluation and ighambers. _ _ _
applying and interpreting the evaluation tools. The focus of the 3.2.4 model evaluationn—a series of steps through which
guide is on end results (that is, the accuracy of indoo@ model d(_avelqper or user assesses a model’'s performance for
concentrations predicted by a model), rather than operation&€!ected situations. _ _
details such as the ease of model implementation or the time 3-2.5 model parametem—a mathematical term in an IAQ
required for model calculations to be performed. model that must be estimated by the model developer or user

1.2 Although IAQ models have been used for some timePefore model calculations can be performed. _
there is little guidance in the technical literature on the 3.2.6 model residualn—the difference between an indoor
evaluation of such models. Evaluation principles and tools iffoncentration predicted by an IAQ model and a representative
this guide are drawn from past efforts related to outdoor aifmeasurement of the true indoor concentration; the value should

quality or meteorological models, which have objectives simi-P€ stated as positive or negative. .

lar to those for IAQ models and a history of evaluation 3-2.7 model validation n—a series of evaluations under-

literature(1)2 Some limited experience exists in the use oft@ken by an agency or organization to provide a basis for

these tools for evaluation of IAQ models. endorsing a specific model (or models) for a specific applica-
tion (or applications).

2. Referenced Documents 3.2.8 pollutant concentrationn—the extent of the occur-
2.1 ASTM Standards: rence of a pollutant or the parameters describing a pollutant in
D 1356 Terminology Relating to Sampling and Analysis of @ defined airspace, expressed in units characteristic to the

Atmospheres pollutant (for example, mg/fppm, Ba/nt, area/, or colony

forming units per cubic metre).
3. Terminology o
3.1 Definitions: For definitions of terms used in this stan- 4. S|gn|f|f:ance and Use ) S _ o
dard, refer to Terminology D 1356. 4.1 Using the tools described in this guide, an individual
3.2 Definitions of Terms Specific to This Standard: seeking to apply an IAQ model should be ableIpgssess the
3.2.1 IAQ mode] n—an equation, algorithm, or series of Performance of the model for a specific situation @& (
equations/algorithms used to calculate average or time-varyingcognize or assess its advantages and limitations.
pollutant concentrations in one or more indoor chambers for a 4.2 This guide can also be used for identifying specific areas
specific situation. of model deficiency that require further development or refine-
3.2.2 model biasn—a systematic difference between model ment.
predictions and measured indoor concentrations (for exampl%,‘ Components of Model Evaluation

5.1 The components of model evaluation include the fol-
* This guide is under the jurisdiction of ASTM Committee D22 on Sampling and lowing: (1) stating the purpose(s) or objective(s) of the
Analysis of Atmospheres and is the direct responsibility of Subcommittee D22-0%valuation, 2) acquiring a basic understanding of the specifi-

on Indoor Air. . . e . .
Current edition approved April 10, 2003. Published June 2003. Originally CatloN and ur_lderlymg principles or assumpuorﬁ),s(elect!ng
approved in 1991. Last previous edition approved in 1997 as D 5157 — 97. data sets as inputs to the evaluation process, 4nskefecting

2 The boldface numbers in parentheses refer to the list of references at the end gind using appropriate tools for assessing model performance_
this standard.
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Just as model evaluation has multiple components, modelre difference, or the emission rate from a cigarette could

validation consists of one or more evaluations. Howeverdepend on the combustion rate and the constituents of the

model validation is beyond the scope of this document. particular brand smoked. Given sufficient data, such relation-
5.1.1 Establishing Evaluation Objectives ships could be estimated through techniques such as regression

5.1.1.1 IAQ models are generally used for the followirg: (@nalysis.
to help explain the temporal and spatial variations in the 5.1.2.5 IAQ models may be specified for a particular pol-
occurrences of indoor pollutant concentratior®,t0 improve  lutant or in general terms; this distinction is important, for
the understanding of major influencing factors or underlyingexample, because particle-phase pollutants behave differently
physical/chemical processes, ar8) (o predict the temporal/ from gas-phase pollutants. Particulate matter is subject to
spatial variations in indoor concentrations that can be expectegbagulation, chemical reaction at surfaces, gravitational set-
to occur in specific types of situations. However, modeltling, diffusional deposition, resuspension and interception,
evaluation relates only to the third type of model use—impaction, and diffusional removal by filtration devices;
prediction of indoor concentrations. whereas some gaseous pollutants are subject to sorption and, in
5.1.1.2 The most common evaluation objectives djetq ~ SOmMe cases, desorption processes.
compare the performance of two or more models for a specific 5.1.2.6 Dynamic IAQ models predict time-varying indoor
situation or set of situations and)(to assess the performance concentrations for time steps that are usually on the order of
of a specific model for different situations. Secondary objecseconds, minutes, or hours; whereas integrated models predict
tives include identifying specific areas of model deficiency.time-averaged indoor concentrations using average values for
Determination of specific objectives will assist in choosingeach input parameter or averaging these parameters during the
appropriate data sets and quantitative or qualitative tools fogourse of exercising the model. Models can also differ in the
model evaluation. extent of partitioning of the indoor airspace, with the simplest
5.1.2 Understanding the Model(s) to be Evaluated models treating the entire indoor volume as a single chamber or
5.1.2.1 Although a model user will not necessarily know orz0n€ assumed to have homogeneous concentrations through-
understand all details of a particular model, some fundament&Ut; more complex models can treat the indoor volume as a
understanding of the underlying principles and concepts iSeries of |_nterconnected chambers, with a mass balance con-
important to the evaluation process. Thus, before evaluating @ucteéd without each chamber and consideration given to
model, the user should develop some understanding of thgPmmunicating airflows among chambers.
basis for the model and its operation. IAQ models can 5.1.2.7 Generally speaking, as the model complexity grows
generally be distinguished by their basis, by the range ofn terms of temporal detail, number of chambers, and types of
pollutants they can address, and by the extent of temporal grarameters that can be used for calculations, the user’s task of
spatial detail they can accommodate in inputs, calculations, an@/pplying appropriate inputs becomes increasingly demanding.
outputs. Thus users must have a basic understanding of the underlying
5.1.2.2 Theoretical models are generally based on physic®rinciples, nature and extent of inputs required, inherent
principles such as mass conservati¢®,3) That is, a mass limitations, and types of outputs provided so that they can
balance is maintained to keep track of material entering angho0se a level of model complexity providing an appropriate
leaving a particular airspace. Within this conceptual framePalance between input effort and output detail.
work, pollutant concentrations are increased by emissions 5.1.2.8 A number of assumptions are usually made when
within the defined volume and by transport from other air-modeling a complex environment such as the indoor airspace.
spaces, including outdoors. Similarly, concentrations are defhese assumptions, and their potential influence on the mod-
creased by transport exiting the airspace, by removal t€ling results, should be identified in the evaluation process.
chemical/physical sinks within the airspace, or for reactiveOne method of gaining insights is by performing sensitivity
species, by conversion to other forms. Relationships are mognalysis. An example of this technique is to systematically vary
often specified through a differential equation quantifyingthe values of one input parameter at a time to determine the
factors related to contaminant gain or loss. effect of each on the modeling results; each parameter should
5.1.2.3 Empirical modelg3) are generally based on ap- P€ varied over a reasonable range of values likely to be
proaches such as least-squares regression analysis, using m@acountered for the specific situation(s) of interest.
surements under different conditions across a variety of struc- 5.1.3 Choosing Data Sets for Model Evaluation
tures, at different times within the same structure, or both. 5.1.3.1 A fundamental requirement for model evaluation is
Theoretical models will generally be suitable for a wide rangethat the data used for the evaluation process should be
of applications, whereas empirical models will generally beindependent of the data used to develop the model. This
applicable only within the range of measurements from whictconstraint forces a search for available data pertinent to the
they were developed. planned application or, if no appropriate data sets can be found,
5.1.2.4 Some combination of theoretical and empirical com<collection of new data to support the evaluation process. Such
ponents is also possible. Specific parameters of a theoreticélata should be collected according to commonly recognized
model may have relationships with other factors that can b&nd accepted methods, such as those given in the compendium
more easily quantified than the parameters themselves. F@eveloped by the U.S. Environmental Protection Age@y
example, the rate of air infiltration into a structure could 5.1.3.2 The following series of steps should be used in
depend on outdoor windspeed and the indoor-outdoor temperahoosing data sets for model evaluatioh) ¢elect situations
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for applying and testing the modeR)(note the model input n _ . _
parameters that require estimation for the situations selected:; b= 3 [(Coi = ColCyi = C¥ S [(Coi = Co)*] )
(3) determine the required levels of temporal detail (for a— 5p — [B)(Cy)] @)

example, minute-by-minute or hour-by-hour) and spatial detail
(that is, number of chambers) for model application as well as (3) Normalized mean square error (NMSE), a measure of
variations of the contaminants within each chamber; ad ( the magnitude of prediction error relative @ andC,. The
find or collect appropriate data for estimation of the modelformula to be used for calculating this meastieeas follows:
inputs and comparison with the model outputs. NMSE= (C,]——C(,)z/[(éo)(ép)] )
5.1.3.3 Thus, the information required for the evaluation ]

process includes not only measured indoor concentrations at anwhere.
appropriate level of temporal detail, but also suitable estimates
for required input parameters. Among the inputs typically
required are outdoor concentrations, indoor emission and sink The NMSE will have a value of O when there is perfect

ratefsﬁ, coagl#lation cclxefﬁcierljts, depo?itio?I rat(ta)s and diﬁgsio'agreement for all pairs o€, and C, and will tend toward
coefficients for particles, and rates of airflow between indoor; - :
and outdoor airspaces (as well as flows among multiple indoohl)gihmer I\(/aalil:ce:s ;\r%pcan;f(f:grcggﬁgil;%/egtrleakt)ergg%%mtt# g ?\lsMgg
airspaces, if a multichamber model is used). If suitable data t aluepwilyl bep near 82. for differenceg 0¥ 100 % the NMSE
support the choice of inputs are not available, the alternativeS, .o will be near '0"5. for differences of on’e order of
are as fOHOV.VS:D to compress the '?Ve' of_temporal detail for magnitude, the NMSE v:';llue will be near 8.0. In addition to
modgl application to that for Wh.'Ch suitable data can bethese quantitative tools, a qualitative tool to be used is a plot of
obtame'd'; g) to proyldg begt estimates fo.r modgl Inputs, ¢ andC, over time. This plot will indicate not only the general
recognizing the limitations |m_p_osed by this _partlcular ap'egtent of agreement betwe@ and C, but also the specific
proach; or §) to collect the additional data required to enable o55 of disagreement. Model residuals can also be plotted over
proper estimation of inputs. time or against predicted or observed concentrations (after
5.1.4 Tools for Assessing Model Performance ordering the concentrations from lowest to highest); such a plot
5.1.4.1 The tools to be used in assessing the performance ghould indicate no distinct trend or pattern. If a trend or pattern
IAQ models all involve comparisons between indoor concenis discerned, possible reasons for the trend should be identified
trations predicted by the model,,, and observed concentra- and investigated.
tions, C,,, comprising the data set(s) used for evaluation. These 5 1 4.3 The following tools are to be used for assessing bias:
tools can be quantitative, involving various types of statistical (1) Normalized or fractional bias (FB) of the mean concen-

indexes, or qualitative, involving plots &, C,, or differences  yations. This statistic is to be calculated as follows:
between the two (that is, model residuals). The tools presented

below are classified by use forl)( assessing the general FB = 2(C, — Co/(C, + C,) ®)
agreement between predicted and observed concentrations andrhe FB will have a value of 0 Wheﬁ_:p and (_;O agree
(2) assessing bias in the mean or variance of predicted valuggerfectly and will tend towards -2 or 2 as these quantities

(Co—Cof = i:il(cpi — Cy)n.

relative to that for observed values. differ by greater magnitudes.
5.1.4.2 The following tools are to be used for assessing the (2) A similar index of bias (FS) based on the variancg,
general agreement betwe€p and C,; of the concentrations. This statistic is to be calculated as

(1) Correlation coefficientr, ranging from -1 to 1, with 1  follows:
indicating a strong, direct relationship betwe€gand C,, 0
indicating no relationship, and — 1 indicating a strong but
inverse relationship. The formula to be used for calculating this (3) Bias in the mean of the highest 10 % of concentrations,

FS=2(0¢, — ot )l(0g, + 0¢) (6)

coefficient(5,6) is as follows: FB,o This statistic is to be calculated in the same manner as
FB but using only the highest decile of observed concentra-
n tions.
r= iZl[(Coi = GG = CY1/ @

6. Considerations in Applying Model Evaluation Tools

\/ i [(Cyi — Co) 2][% (Coi — Cp) 6.1 The results obtained from applying the model evaluation
et et tools can be used for the following1)( to compare the
where the summation extends acros<glandC, pairs and  performance of two or more models for a single situati@, (
to compare the performance of a single model for a variety of
situations, or 8) to compare the performance of multiple
models for multiple situations. In reaching final conclusions,

_ _ _ n
C, andC, are averages (that i§, = .Elcoi/n, wheren is the
=

number of observed values). the evaluator must determine the situations and performance
(2) Line of regression, the best-fit relationship betw&®n  aspects that are of greatest importance.

andC,, ideally exhibiting a slopey, of one and an intercep, 6.2 In evaluating model performance, the collective evi-

of zero. Formulas to be used in calculating the slope andlence provided by all model evaluation tools should be

intercept are as follows: considered; otherwise, misleading conclusions could result.
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For example, if model predictions and measured concentrébut the regression slope would be near 0.9, the NMSE near
tions differed systematically by a factor of two, a correlation0.015, the FB near 0.1, and the FS near 0.2.
coefficient near unity would be obtained, but the regression 6.4 Considering the potential consequences of measurement
slope, FB, and FS would reflect the systematic differencesuncertainties, the following values can be taken as generally
Similarly, if the predictions and measurements coincided onndicative of adequate model performance:
the average but diverged widely for a subset of data pairs, the ((1) Correlation coefficient of 0.9 or greater,
FB would be close to zero and the regression slope could be ((2) Regression slope between 0.75 and 1.25,
close to unity, but the correlation coefficient and NMSE would  ((3) Regression intercept 25 % or less of the average
reflect the cases of divergence. measured concentration,

6.3 Discrepancies between model predictions and measured ((4) NMSE of 0.25 or lower,
concentrations can be caused by uncertainties in the measure- ((5) FB of 0.25 or lower, and
ment process as well as by incorrect model predictions. For ((6) FS of 0.5 or lower.
example, if the model predictions matched the true concentra- As the community of IAQ model developers and users gains
tions exactly, but the measurement process had a random-errexperience in conducting model evaluations with these tools, it
component causing deviations up 1025 % from the true may be possible to reach a consensus on the range of values
concentrations, the correlation coefficient would be near 0.95associated with excellent, good, marginal, or unsatisfactory
the NMSE near 0.03, the FB could range from —0.1 to 0.1, ananodel performance.
the FS could range from —0.3 to 0.3. Similarly, if the model
predictions matched the true concentrations exactly, but thé- Keywords
measurement process had a negative bias causing systemati@.1 model; model performance; indoor air quality; qualita-
deviations of —10 %, the correlation coefficient would be unity,tive evaluation; quantitative evaluation; statistical
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