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Abstl'act

The researcher investigated the accuracy of a visual ranking method to assess

coloul diffelences in off-white fablics undel a selies of controlled conditions. Three

research questions wele ploposed relating ranking accr¡racy to: (a) the magnitude of

the colour difference between consecutive specimens, (b) the number of specimens

being ranked, and (c) the level of a subject's visual perception.

Twenty-four female students in Clothing and Textiles from the faculty of

Human Ecology completed the threshold and ranking tests during the 1993 spring

session. The threshold test established the AE values for.the colour differ.ence factor

in the ranking test. Interchanging the specimen positions in the threshold test

improved the accuracy of visual perception. Visual r'anking results were analyzed

using a randomized complete block design under two factors: (a) ÁE between

consecutive specimens within a given series (Â8"u":0.2, 
^8,,"d 

:0,5 and 
^E."- 

:0.8)

and (b) number of specimens being ranked at one time (3, 6,9 and 12).

Kendall's Tau conelation coefficient was calculated to determine the strength

of relationship between each subject's ranking order and the expected ranking for each

series within both factols. Page's test for ordeted alternatives rejected the first two

null hypotheses, supporting the altelnative hypotheses that ranking accuracy increased

as the ÂE between consecutive specimens increased, and decreased as the number of

specimens being ranked increased. The overall strength of relationship between visual

and inshument rankings illustrated that the nedian î s ranged from 0.73 to 1.00 when

ÁE was equal to or greater thaî 0.2, and when the numbel of specimens being ranked

varied from 3 to 12. The number of specimens being ranked at one time and the

subject's ability to detect minute colour diffelence influenced ranking accuracy;

however, the method of data collection did not affect the median t values.

The third research question "Does a subject's level of perception affect r.anking

accuracy?" was not addressed because thete were not sufficient observations for.

statistical analysis; ¡nore threshold compínisons pel subject wer.e needed.

lll
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CHAPTER 1

INTRODUCTION

The whitest textile product is judged by consumers as the most desirable. It is

considered to be the freshest, cleanest and free from contaminants (Hunter, 1975).

The appearance of a product is often an important attribute on which consumeLs base

their purchase decisions (Meilgaard, Civille, & Can, 1987). Jakobi and Lohr (i982)

reported that over the last two decades in Amedca, 407o of the textile purchases were

white. According to Hunter (1975), there are about 5000 white shades and 30,000

I'ish" white. Studies have illustrated that consumers prefer a bluish-white hue (Hunter,

1961). Consumers of detergents expect a white textile product to retain its original

colour (lightness, chroma, and hue values) throughout the product's life whether the

product is soiled from normal wear or is stained from unexpected sources. Therefore,

detergent manufacturers are interested in assessing colour, colour change and/or colour

difference, especially whiteness.

Detergent manufacturers modiff formulations and continually monitor

consumor acceptance of thefu prcduct. Assessment of whiteness can be made by

objective instrument measurements or by subjective panelist evaluation, which may

include paired comparisons or ranking methods. Of the four.Canadian detergent

manufacture¡s who wete contacted by the researcher in 1991, three reported both types

of assessment, All three employed instrument assessment at some stage of product

development; two used paired comparison techniques; one also utilized a ranking

approach some of the time, but preferred to use paired comparisons. The
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nìanufactuler who used only instrument measulement indicated that paired comparison

techniques were not appropriate when mor.e than thr.ee products wer.e being tested.

The four manufactulels contacted did not indicate why the ranking method was not

used at the later stages of product development.

The purpose of this study is to investigate the accuracy of a visual ranking

method in assessing coiour change in off-white fab¡ics under a series of controlled

conditions.

Justification

For proprietaly leasons, organizations such as detergent manufacturers are

unwilling to share with the public their accumulated research knowledge on sensory

and instrument assessment. Sensory evaluation is usually conducted for quality

assurance and new product development (Larmond, 1977) and, assists management in

making business and marketing decisions. Business decisions should be based on a

thorough understanding of the physical and chemical factors behind the attributes of

interest, as well as on the perception ofhuman beings (Meilgaard et al., 1987). In

practice, product development, consumer acceptance and consumer preference are the

principal applications of sonsory evaluation.

Management is continually seeking cost efficient methods to evaluate products.

Ranking, one of the sensory evaluation methods, is less time-consuming and needs less

panel training than pailed comparisons when visually assessing more than two

specimens (Meilgaard et al., 1987). In fact, textile research investigating visual
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evaluation methodologies such as pairôd comparisons, triangle tests, scaling, or ranking

techniques under a set of contlolled experimental conditions has not been locatetl in

the literatt¡re.

Studies from textiles and home economics sources over the past 30 year.s

illustrate that researchers have used several instrument values to assess colour change

or colour difference. Whiteness lndex and Delta E have been recommended as

standard instrument measurements by both American Association of rextile chemists

and Colourists (AATCC) and American Society for Testing and Materials (ASTM)

(AATCC Test Method t10, 1989; AATCC Test Merhod 153, 1985; AS"|MD2244,

1989; ASTM 8313, 1987). However, conelations between panelists, ranking and

instrument values now used as standards have not been located in textile studies.

In sensory evaluation of food, Buchanan, Givon, and Goldman (1987), and

Meilgaard et al. (1987) indicated that ranl<ing is less sensitive than pailed comparison

because of the memory facto¡. This limitation may not be valid for visual sensory

evaluations of textile products where a panelist is allowed to manipulate the individual

specimens within a given ranking series. This ranking approach creates a series of

mini paired comparisons in which panelists ranJ< specimen series by assessing adjacent

pails from the whitest to the least white.

In textiles, several researchers reported paired comparison or ranking methods

when assessing fabric whiteness by panelists. some of the researche¡s compared the

results between instrument measurement and visual evaluation (Furr.y, Bensing, &
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Johnson, 1961; Coppock, 1965; Rhode Island Section, 1966; Moris, 1970; War.field &

Haldin, 1981; Galbraith, Swartzlander., & Hardin, 1987).

In textiles, Coppock (1965) poiDted out a weakness of the r.anking nìethod,

when he requested panelists to rank a series of 30 white specimens from whitest to

least white, he suggested that the panelists were unable to rank the specimens fiom

whitest to least white because the colour difference between adjacent specimens was

too small. He then used a paired comparison method and was able to reproduce a

visual ranking similal to that produced by colour. measurement instrument, This early

attempt at ranking suggested that ranking may be less accurate than a paired

comparison method. However, Coppock did not indicate the magnitude of instrument

readings which desclibed "small colour differences,', and did not test the influences

from the changes in the number of specimens being ranked at one time.

Other researchers in textiles supported the use of the ranking method. Fuffy et

al. (1961), Rhode Island Section (1966), and War.field and Hardin (1981) who

conducted ranking procedure on textiles rcported "very good" agreement between

instrument measurement and visual evaluation. However, they did not use Whiteness

Index or Delta E measurements in their studies.

The literature revealed that both instrument measurement and sensory

evaluation have advantages and disadvantages. Instrument measurement is far more

sensitive than a panelist's visual evaluation of colour change and colour difference; it

is quicker and cheaper to use. The trend in assessment of fabric visual attributes

appears to favour incleased use of instrumentation (Vanderhoeven, 1992). Instruments
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ale designed to simulate human visual perception, but unable to r.eplace human visual

lesponses completely. When instruments detect a colour change, the human eye may

not be able to perceive the difference, or the consumer may accept the clifference.

sensory evaluation is required to demonstrate validity of instrument assessment

and to standaldize objective tests (Larmond, 1977). visual evaluation can be usecl to

test human responses directly. Product changes can bs assessed using visual

evaluation when there is no adequate instrumentation; however, visual evaluation is

less sensitive and more expensive than instrument measurement.

From the literature review, the researcher observed gaps in the current

knowledge and understanding of ranking procedures to assess visual attributes of

textile fabrics. These can be summadzed as: (a) ranking has been criticized by some

researchers as inaccurate, while others reported "good" conelations with instn¡ment

measurement; (b) research assessing visual ranking of off-white fabrics with standard

instrument measurement has not been located; (c) research testing the influence of

different number of specimens in the ranking series has not been located; (cl)

instrumentation camot dilectly test and totally replace human visual responses even

though it is cheaper. This researcher attempted to bridge these gaps by investigating

the accuracy of the ranking procedure to detect colour rlifferences in off-white fabric

specimens when panelists arc allowed to manipulate the specimens.



Research Questions

The following three lesealch questions were formulated for this study:

1. Does a change in the colour. differ.ence value of adjacent specimens affect

the accuracy of the visual assessment in a lanking process?

2. Does a change in the number of specimens being ranked at one time affect

the accuracy of the visual assessment in a ranking process?

3. Does a panelist's level of visual perception affect the accuracy of the visual

assessment in a ranking process?

Hypotheses

In order to answet the reseach questions raised for this study, three hypotheses

were proposed. They were:

Ho,: There is no difference in the strength of relationship between visual and

instrument ranking orders when the colour diffelence value of consecutive specimens

changes.

Ha,: The strength of relationship between visual and instrument r.ankings

increases as the colour difference value of consecutive specimens increases.

Hor: There is no difference in the stlength of relationship between visual and

instrument ranking orders when the number in series of specimens being ranked varies.

Har: The strength of relationship between visual and instrument r.ankings

decreases as the number in series of specimens being ranked increases.



Hor: There is no diffelence in the strength of relationship betvveen visual and

ilstlument ranking ordels for diffelent levels of subject's visual perception.

Ha,: The strength of lelationship between visual and instrument r.ankings

increases as the levels of subject's visual perception increases.

Definitions

Only the variables or concepts under. investigation will be defined.

1. Near white is any colour having a Munsell Value greater than 8.3 (luminous

reflectance 65Vo) and Munsell Chroma no greater than 0.5 for B hues, 0.8 for Y hues,

and 0.3 for all other hues (ASTM E 313-87).

2. Off-white is a series of colours having a Munsell Value greater than 8.0

(luminous reflectance 62.4Vo) and Munsell Chroma no gr.eater than 0.5 for 5Gy hues.

(The range of Yxy colour space values for the study are: Y : 62.40 to 80.30, x :

0.3120 to 0.3138, y : 0.3176 to 0.3209.)

3. Tristimulus values at'e the specified stimuli required to match a colour. In

the CIE system, they ale assigned the symbols X, Y, and Z (ASTM E 284-91).

4. Colour difference is indicated when either an instrument or a subject detects

a change in a specimen's hue, chroma and/or lightness, the instrument value used in

this study is ÂE lepresenting the total colour diffe¡ence.

5. Level of visual perception is the measurement of a subject's ability to

detect coloul differences corectly in the neal white colour space.
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6. Ranking method is where a series of thr.ee or. more specimens are ananged

into a deliberate older accolding to one specified character.istic. In this study, the

characteristic is whiteness, and specimens are auanged fi.om the whitest to the least

white.

7. Paired comparison method detemrines if a colour difference can be

perceived between two specimens. If a difference is noted, the subject identifies

which specimen is the whiter of the two.

8. Ranking accuracy in this study is measured by the strength of relationship

between a subject's ranking order and an instrument ranking fol each series, calculated

by Kendall's rank couelation coefficient, r (tau).

Limitations of the Study

1. The results of this study may be influenced by the specimen mounting

system, related to off-white colours only and associated with an artificial daylight

soufce.

2. The results may not be generalized beyond those female student subjects

who have taken part in the sensory evaluation.

Assumptions for the Study

1. The Hunterlab measurement can be used to determine the expected ranking

of specimens from whitest to least white.
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2. The CIELAB ÂE value is an appropriate measure to assess colour change in

the off-white colour space.

3. The instnrment value, CIELAB AE, is more sensitive to colour change than

the human eye.

4. The off-white specimens produced for this study simulate the hues and

chroma anticipated in an experimental series of detergency evaluations.

5. Subjects will use a form of paired comparison when they are allowed to

manipulate the specimens into a rank order fi'om the whitest to the least white.

6. Subjects favour a bluish hue in white fabric.

7. The physical and mental condition of observer, observing situation of the

testing environment, geographical location, and fashion did not influence the results of

the visual sensory evaluation on textile fabrics.
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CHAPTER 2

LITERATURE REVIEW

This chaptel includes two major sections: colour measurement theory, and

applications to textile fabric whiteness. Only the fundamental theory of instrument

colouL measulement and visual evaluation used in this study are discussed. The

applications cover only the located assessments of fabric whiteness.

Fundamental Theory of Colour Measurement

Theory of colour measurement is reviewed. The theory is applied to colour

systems that relate instrument measulement to visual assessment. Factors which

influence instrument measutement and visual evaluation are discussed.

Instrument Colour Measurement

This section describes trichromatic colorimetry, L, a, b colour space, coloul

difference fomulae, and factors influencing instrument colour measurement.

Trichlomatic Colorimetrv

In 1931 the Commission Internationale de l'Eclair.age (CIE) introduced the

concepts of standard light sources, standard observer and method to generate

instrument data. Prior to 1931, the CIE adopted the average r, g, b values, called the
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fistimulus values representing red, green and blue pr.imaries respectively, for a small

number of observels, as the experimental definition of the CIE 1931 Standard

Obseruel. The term "observer" herc refers to instrument measutement (Billmeyer &

Saltzman, 1981). Experimentation confirmed that three pr.imar.ies wer.e enough to

match or to identify any colour using both positive and negative values of the

primaries.

To eliminate negative numbers within the tristimulus values, the ,'imaginary"

primaries X, Y, and Z were identified as the 1931 CIE Standard Observer. This is a

mathematical transformation from the original red, green, and blue primaries which no

light source can produce. when these new tlistimulus values specify a textile fab¡ic

colour, the maximum value assigned to Y is 100 which represents a perfectly

reflecting white. However, the other tristimulus values, X and Z, can be larger than

100. One would find that X exceeds 100 for a perfect white with a yellowish hue and

Z exceeds 100 for a perfect white with a bluish hue.

The CIE system plots colour on a chr.omaticity diagram with coordinates x and

y which are defined as:

x : ñ(X+Y+Z) y : Y/(X+Y+Z).

The third dimension, Y, of the system is added by an axis rising fr.om the illuminant

point of the chlrmaticity diagr.am to form a thr.ee-dimensional CIE system (y, x, y).

The system is used to match coloul; two colours match only when they have exactly

the same tristimulus values (Billmeyer & Saltzman, 1981). The CIE system does not

descrjbe hue, chloma and value of a colour, but remains the basis of modem
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colorimetry. ASTM Designation E 313 (1987) defìned the range ofnear white using

the CIE system. Off-white is also defined according to the CIE systen.

L. a. b Colour Space

Hunter derived an opponent colour coordinate (L, a, b) measurement system

wherc the "L" axis measures the specimen's lightness and varies from 100 for perfect

white to zero for black, "a" measures the red-green complementary hues, and "b',

measures the yellow-blue complementary hues (Hunter, 1975). This was a nonlinear

transformation based on the CIE 1931 tristimulus values using the CIE standard

illuminant C. Hunter's L, a, b system is probably the most widely used of all colour

spaces except for the 1931 CIE Y, x, y system (Billmeyer & Saltzman, 1981).

The 1976 CIE L* a* bx colour space, a cube-root transformation to CIE 1931

tdstimulus values, was officially recommended by CIE in 1976 and has been used

mainly in the paint, plastic, paper and textile industries (Rober.tson, 198ó). The

CIELAB colour measurement system calculated the L* ax bx opponent-colour scales

by applying a cube-root transformation to the CIE 1931 tristimulus values (ASTM E

284-91). These L* a* b* values describe a colour space related to lightness, redness-

greenness and yellowness-blueness, respectively, of a specimen.
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Colour Difference Formulae

Coloul differences incltrding both colour. change and staining can be

determined by instrument measurenent or calculation (Stearns, 1974). Many colour

difference formulae have been proposed over the yeals. Hoban (1981) indicated that

the conelations between calculated values and visual coloul differences were between

0.6 and 0.7 for the "better formulae." The 1976 CIELAB equations fall within this

colrelation range, and they wele recommended by standards organizations such as

ASTM (1989) and AATCC (1985) to promote consistency in colour commr¡nication.

Factors Influencing Instrument Colour. Measurement

The plecision of instrument colour measurement is affected by many factors.

These arc:

(a) differences between instruments (Hunter, 1961);

(b) reliability of the instrumenr (Harold, 1987);

(c) cleanliness of optical and electronic systems (Clemson Conference, 1990);

(d) accuracy of calibration (Hoban, 1981; Clemson Conference, 1990);

(e) electlonic instability (Hoban, 1981);

(f) specimen presentation techniques (Clemson Conference, 1990);

(g) struchrre of fabric (Hunter, 1961; Steams, 1974; Billmeyer. & Saltzman,

1981; Clemson Conference, 1990).
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Hoban (1981) and Harold (cited in Clemson Confer.ence, 1990) both mentioned

that inaccurate calibrations wili lead to software er.rors. Hoban (1981) showed that

instrument drift existed in the colour measurement due to electrcnic instability. This

dlift could not be conected by data manipulation, and researchers must accept wider

tolerances than they would desire. More recent research determined that ¡e-calibration

of modem solid-state instrumentation needs to be carried out only once or perhaps

twice a day. This conclusion was confirmed by analyzing data continuously

throughout the day and by demonstrating that the calibration Lx values fi.om Munsell

value ca¡ds remained almost constant during the experiment (palmetto Section, 1988).

In addition to colour, the texture, gloss and transparency of fabrics affect

colouL measurement. According to Steams (197 4), the observed colour was influenced

by texture because of the variations produced by the geometry of illumination and

viewing. Gloss influenced observed colour because light reflected fiom a coloured

sudace was different from that reflected from the dyes within the fibres. Finally,

observed colour of transparent specimens was affected by the light reflected off the

backglound colour.

Specimen presentation and var.iations within a pr€sentation technique may

create effors in colour measurcment; wlitten instructions could minimize variability in

instrument or visual colour measurement (Clemson Conference, 1990). Hunter (i961),

Matthews (1968), Stearns (i974), Bilkneyer and Salrzman (1981) and Harold (1987)

emphasized that specinìen selection, physical dimensions, specimen preparation,

specimen mounting, and specimen olientation should be closely controlled. The type
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of instrument illumination, viewing condition, and operator technique have also

influenced the colo¡inetlic results.

Test specimens should be opaque to tho instrument detector.which could

require multiple layers of fablic (AATCC Test Method 153-85). The instrument

assessment should distinguish no change in reflectance if fabric layels wele incr.eased.

The specimen dimensions must cover the measuring port or the measuring beam.

In general, textile materials are not opaque. Black backing panels may lower

the instrument rcflectance values whereas white backings may increase the reflectance

values. The black backing surface absorbs the light transmitted thlough the specimen,

while the white one reflects light back through the specimen. For visual assessment,

the standard method (ASTM D 1729-89) suggested that tho backing and surrouncling

area should have a neutral colour.with a Munsell chroma value less than 0.3. This

method did not recommend any procedure (e.g., increasing the number.of layer.s) to

ovelcome the backing influence.

Matthews (1968) ploposed that each specimen should be measured in four

diffelent areas, and that the specimen and rcference should be plotected in a dar.k

place when they are not being tested. AATCC (Test Method 153-g5) specified that at

least two measurements should be made on each specimen; whereas, ASTM (D 2244-

89) recommended a minimum of three test aleas on each specimen. Hoban (1981)

reported that some fabrics were highly dependent on their. testing or.ientation and

suggested that colour nìeasurement of a given specimen arca could be impr.oved by

averaging readings which have been recorded at 90 degrees to one another.
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Visual Evaluation

Visual evaluation is one kind of sensory evaluation. When conducting sensory

evaluation, the researcher assesses some factor effect, which could be a measurenÌent

approach (e.g., the number of specimens being evaluated) or an ingredient change

(e.9., the degree of coloul diffelence). Methods such as paired comparison, tr.iangle

test, scaling and ranking, can be used to solve different sensory problems. The most

commonly used methods for visual whiteness evaluation in textiles are ranking and

paired compalisons.

Ranking Method

When ranking, a series of thrce or more specimens ale ananged in a deliberate

order according to one specific characteristic. Ranking is rapid and can be used to test

several specimens at one time. Specimens a¡e evaluated only in relation to each other

(Larmond, 1977).

A series of specimens should be presented in a random order, in which the

attribute being tested is present in different levels and covers the tange of intercst.

Rank orders cannot be used dilectly as a measure of intensity; howevet, they are

amenable to significance tests. A minimum of eight panelists should be used with

ranking procedures in sensory evaluations. If 16 or more were used, discrimination of

the anribute undel consideration would be improved (Meilgaard et al., 1987).



t7

Several researchers applied the lanking method to assess fabric whiteness.

Funy et al. (1961) compared visual r.anking results to "bI opponent colour clata ancl

rcported a I'good" agteement between visual r.ankings and instrument readings, Rhode

Island Section (1966) also reported quite a "goodl agreement between visual and

instrument rankings when ranking 10 specimens, but dicl not provicle numerical data to

support what is a "good" agreement. Rank-order correlation coefficients r.anging from

0.56 to 1.00 were reported by Warfield and Hardin (i981); three of the four panelists

rcported conect responses for each of the rankings when 10 specimens were used.

The ranking devised by Pelton (1989) showed statistically significant agreement

among panelists' ranking of eight specimens, but no instrument data was rcported in

the research.

Paired Comparisons

The paired comparison test is one of the most frequently r¡sed att¡.ibute

difference tests in sensory evaluation. In this test, panelists identify which of the two

specimens has a morc intensive attribute or which specimen is preferred. The

specimen pairs can be presented simultaneously or sequentially to the panelists.

Randomization should be considered in both the simultaneous and sequential

approaches. The number of conect responses can be counted in the dircction of

interest, For instance, the percentage of co¡rect lesponses for a whiter. specimen can

be counted and then anaryzed statistically. Research repolted that l5 or more panelists

are enough for statistical analyses (Galbr.aith et al., 1987; Meilgaard et al., 1987).
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A paired comparison method was used by Coppock (1965). The visual

evaluation illustlated "excellent" agleement with the measured whiteness values.

Moruis (1970) found correlations between rank olders genelated by visual paired

comparisons and instrtment readings in the range of f :0.58 to î :0.89 when

comparing visual evaluation to Rd measurements. When visual evaluation was

compared to b values, t ranged from -0.55 to -0.89. White, Pr.ato, and Monis (1984)

did not report any conelations of visual and instrument assessment. Galbraith et al.

(1987) conelated visual paired comparison on whiteness of 39 specimens to ÁE

readings and reported conelations above -0.90 when ÂE varied from 0.4 to 17.6. Kim,

Smith, and Spivak (1987) summarized visual paired comparison results and instrument

nìeasurements. However, no cor¡elation between the visual and instrument values was

calculated.

Factors Influencing Visual Colour Evaluation

Several factors may influence the results and interpretations of visual colour

evaluation, These are:

(a) the gloss and texture of a surface (Stearns, 1974);

(b) degree of surface contamination (Meilgaard et al., 1987),);

(c) the relative sizes of contrasting colour areas (Burnham, Onley, and Witzel,

1970);

(d) the influences from adjoining or background colour (Billmeyer &

Saltzman, 1981);
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(e) the consistency of responses from panelists (Meilgaard et al., 1987);

(f) colour difference thresholds among panelists (Stearns, 1974; lr4Leilgaañ et

al., 1987);

(g) colour vision deficiencies (Meilgaar.d et al., 1987);

(h) visual evaluation process (O'Mahony, 198ó; Meilgaar.d et al., 1987).

In visual assessments, Bumham et al. (1970) found that placing specimens

closer together magnified the contrast effect and the resulting colour clifference.

Galbraith et al. (1987) stated that consumers were more sensitive to increases in

yellow discolouration of white fabrics than they were to greying.

Coppock (1965) reported gender difference in colour perception and illustratecl

that women were more precise in their. evaluations, and more aware of whiteness

differences than men. Vr'arfield and Hardin (1981) indicated that visual perception

varied from panelist to panelist.

Meilgaard et al. (1987) suggested that a prescreening of panelists would

improve a panel's ability to detect small differences in the attribute. panelists should

receive written instructions before commencing the tests so that they would understand

the procedures and could recognize the important differences of the attl'ibute under

investigation.

Keesee and Harold (cited in Clemson Confelence, 1990) indicated that

temperature, moisfure and aging of textiles could influence the results in colour

measurement. Coppock (1965) suggested that observer, observing situation,
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geographical location, and fashion were variables which could influence the results of

the visual sensory evaluation on textile fabrics.

According to Meilgaard et al. (1987), one should contr.ol the handling,

preparation and presentation of each specimen so that the procedure did not introcluce

extraneous effects and conceal unknown factor effects. One also might need to

examine all kinds of apparent unrelated influences, including physical and mental

conditions of the panelists, and the condition of the testing environment beforc

commencing the assessment. Sensory evaluation performed by large panels has been

valuable in predicting consumer reactions (Larmond, 1977).

Mental fatigue has limited the number of multiple sensory assessments

attempted at one time. To avoid this fatigue, Coppock (1965) suggested that each

evaluation session should be limited to 15 minutes or less.

Applications to Textile Fabdc lVhiteness

Colour difference can be measured by both instrument and visual sensory

techniques. Regardless of the technique used, colour difference measurement can be

divided into examination and assessment phases (Billmeyer & Saltzman, 1981). The

examination phase requires a source of light, a standar.d versus the objective being

measured, and a detector (visual or instrument). The assessment of colour differ.ences

requires the researcher to decide whether a difference exists, to describe the clifference,

or to detefinine whether the diffefence is acceptable.
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In textiles, a number of researchers have investigated fabric whiteness. Some

have compared instrument measurements with visual evaluations as illustlated in Table

1. Table I also summarizes the types of instrument r.eadings and sensory evaluation

techliques used to measure colour, colour differences and colour.changes in white

textile fabrics over the past 30 years. Researchers (Coppock, 1965; Galbraith et at.,

1987; Morris, 1970; Rhode Island Secrion, i966; Warfield & Hardin, 1981) have

conelated visual evaluation with instrument measurement and the comparisons wete

leported as "satisfactory" in the studies. Table 1 demonstrates that the total colour

diffelence value 
^E 

was used; but the values were calculated by different formulae.

For instance, Rhode Island Section (1966) comparcd MacAdam ÀE to ranking results

and Galbraith et al. (1987) compared CIELAB AE to pairecl comparison.

A summary of instrument and visual assessments is found in Appendix 1. The

majodty of researchers did not indicate the number of specimen layers which they had

used. For visual evaluation, different light sources and viewing conditions were

applied. Different layers and physical dimensions of specimens were viewed by

different numbers of trained or untrained panelists. This review of literature showed

little consistency in expelimental procedures used by different researcher.s.
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Table I
Summarv of Selected Research on Whiteness Measurement

Researcher Topic Instn¡ment Visual
read in qs

Furry, Bensing__. Colour effect in Hunter Ranking
& Johnson (1961) near white fabric Rd, a & b
Coppock (1965) Whiteness scale Purity paired

Brightness comparison

Rhode Island Whiteness of MacAdam unit Ranking
Section (1966) fluorescent 

^C, ^L 
& 

^Ebrighteners

Morris (1970) Laundering cotton Rd & b paired
l-abrics comparison

Carver & Fabric whiteness L, a, b,ÂE & W
Wylie (1980)

Warfield & Fabric whiteness Rd Ranking
Hardin (1981)

Monis & Soil removal CIELAB
Prato (1982) 

^E 
& YI

Paek (1983) Soil removal Refle*ance
Change

White, Prato & Home laundering Rd, 
^E 

(CIE), paired
Moffis (1984) - WI & yÌ comparison

Monis & Soil removal Rd, a, bPrato(1985) & WI

Wilcock & Van Laundering L, a & b
Delden (1985) performance

Galbraith, Perception of CIELAB 
^E 

paired
Swartzlander & coloui changes & FMC 2^E comparison
Hardin (1987)

5ip, Þryjt!4 Comparative study L, a, b, paired
Spivak (1987) on detergenls Y & WI comparison

Wilson (1987) Fabric whiteness paired 
.

companson

Lovingood, Wood- Performance of AE, L,
ard & Leech (1989) laundry detergents a & b
Pelton (1989) Laundry detergent Ranking

ellectiveness

Brown, Cameron, Washing WI
Meyer & Quality-
Umber (1991)
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CHAPTER 3

METHOD

This chapter desclibes the procedures performed for the preliminary work,

specimen preparation, selection of subjects for visual evaluation, and the experimental

design used in the research. A summary of the activities is providecl at the end of the

chapter. The Statistical Analysis System (SAS) was used to analyze the data,

Preliminaly Work

Before the research questions could be addressed, sever.al procedurcs needed to

be pretested in establishing the reliability (drift, precision and accuracy) of the

instrument readings. The instrument's ability to detect minute coloul. differences in

whiteness was also identified. A computer program was developed to replace the

conventional method of collecting colorimetric instrument readings. The computer

program minimized data collection time, facilitated data handling, reduced specimen

contamination and minimized error resulting fir¡m the light source aging.

Instrument Reliability

The study required a series of reliable instrument refetence measurements from

the Hunterlab colorimeter (Model D25M - 9). Accor.ding to the Hunterlab manual,

drift and precision are detelmined by measuring the deviations from the standard white
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tile. The standald for drift mr.rst be less than + 0.1 Hunter L, a, or b units in one hour

or + 0.3 in three hours. Precision must have standar.d deviations of 0.1 or less for the

Hunter L, a, and b readings. The accuracy calculation of the ilstnrment involving all

six standard tiles must be less than 0.7 root mean squar.e deviation units (Hurrterlab

Manual). Preliminaly tests showed that the Hunterlab color.imeter. met these

specifications. Details of the tests are included in Appendix B.

No information about the reliability of CIELAB ÁE measurement could be

located. Because the thrcshold test and the visual ranking evaluation required the

CIELAB ÁE measurement, the lesearcher assumed that if the Hunter L, a and b values

satisfied the reliability specifications, then the CIELAB ÂE measurement (Table B-l)

would also be reliable because Hunter L, a, b and CIELAB ÂE are calculated from

tdstimulus values X, Y, and Z.

ComDuter Ploqram for Instrument Data

A computel program (Appendix C) was derived from the AATCC Test Method

i73-89 to calculate all necessary colour space values fi.om the CIE tristimulus values

X, Y, and Z. The values computed from X, Y, a¡d, Z included L, a, b, Lx, a*, b*, 
^E

(CIE), 
^L 

(CIE), 
^H 

(CIE), 
^C 

(CIE), x, and y. The researcher checked the accuracy

of these values by comparing them to those recorded fi.om the Hunterlab inshument

for each of the six standard tiles (Table C-1).

Each value had a specific purpose. Hunter L, a, and b values determined the

instrument leliability throughout the specimen measurcment. CIE y, x, and y values
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verified that the clyed specimens fell within the defined off-white colour space.

CIELAB L+, ax and bx values assisted in the selection of specimens for the thresholcl

and lanking plocedures. The CIELAB ÂE values identified the colour differences

between consecutive specimens, which were used later to select specimens for. the

visual threshold and ranking assessments. The differences in lightness, chroma, and

hue were assessed by ÀL, ÀC, and ÁH to meet the criteria of specimen selection for.

the lanking tests.

Specimen Preparation for Visual Evaluation

This section describes specimen development which includes dyeing, mounting,

measurement and selection of specimens for both the threshold and ranking

experiments. All specimens were taken fr.om a bleached mercerized cotton fabric,

Type W405, supplied by Testfabrics, Middlesex, New Jersey. The fabric structuì.al

specifications were:

Fibre content: 100Vo cotton

Fabric struchrre: plain weave

Fabric count: warp:20.3/cm, weft: 19.8/cm

Mass: 156.6 g/m'z

Specimens were cut into rectangular shapes with the long side representing the

warp direction. The bevelled-cut in the top rÌght corner identified the designated face

of the fabric. Raw edges were overlocked to plevent yams fi.om fi.aying during wet
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processing. All specimens wele prcwashed in an Atlas launder-ometer with distilled

water', using the tempelature and tine required for the dyeing procedure.

Specimen Dveing

The goal of the dyeing experiment was to produce a series of fabrics varying in

their degree of whiteness but having the same hue. These fabrics were then used to

investigate the accuracy of the ranking procedute. Controlling colour difference (ÂE)

in whiteness by dyeing meant that all the colour components 
^L, ^C, 

and ÁH were

contl'olled. However, the reseatcher wanted a smaller tolerance level in the hue than

in Iightness and chroma because the human eye had higher sensitivity to changes in

hue (Harold, i987). If the CIELAB co-ordinates ax, and b* for a dyeing series form a

straight line and this line passes tht'ough the origin, the specimen series has the same

hue (Broadbent, personal communication, Jtne, 1992). Hue could be controlled by

manipulating the dyestuff mixture.

Mixtures of red, yellow and blue reactive dyestuffs at various concentrations

created a series of specimens which varied from a yellowish white to a bluish white.

Each concentration was diluted ten times to cl.eate a specimen series in which each

consecutive specimen had an incrcased ÂE from the undyed ¡eference specimen. All

dyeings were carried out in the Atlas launder-ometer using procedures recommended

for reactive dyestuffs. Details of the dyeing are included in Appendix D. This dyeing

technique generated off-white fablic specimens similal to those leported in warfield

and Haldin (1981) in which coloul differences between specimens werc controlled.
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Specimen Mounting

To eliminate the backing influences for both instrunìelÌt measurcment and

visual evaluation, a procedure similar to that outlined in AATCC Test Method 153-g5

was followed. Specimens had to be mounted in such a way that they were opaque;

otherwise, light would be tlansmitted through textile fabrics and reflect off either the

instrument backing tile or the viewing cabinet surface. The texture and colour of these

two backing surfaces were different and could influence the results (cutler & Davis,

1972).

The washed, undyed standard fabric (W405) was used for this exercise. A

designated specimen was always adjacent to the instÌument orifice throughout all the

measurements. Specimens were added one layer at a time behind the designated

specimen up to l0layers. The AE readings as each layer was added were gener.ated

first with the standard white tile as backing and then with the standard black tile as

backing. The researcher stopped after the tenth layer because the ÂE values wer€ very

similar regardless of the colour of the backing tile.

The reference ÂE was the mean value of 10 layers of specimens backed by the

white tile; it was given a value of zero. The ÀE values for the other layers were

recorded in Appendix E and compared to the reference reading. The plot of ÂE versus

the number of layers (Figure 1) illustlated the influence of the white and black tile

backings on ÄE readings. Figure I showed that the backing influence was apparent up

to nine layers. However, backing ttre specimens with nine layers of fabric was

impractical because subjects would have to interchange a thick pile of specimens.
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Also, in the given time frame, the researchet would not be able to produce nine or

morc replicas with the same CIE X, Y, and Z readings for each specimen. As an

alternative, the researcher adapted the mounting system repol.ted in vander.hoeven's

study (1992). Specimens were mounted on thick rigid cardboard using double-sided

carpet tapes. Each specimen cardboard system was cut to the dirnension (165 mm by

90 mm) recommended fol visual assessment (ASTM D 1729, 1989). This cardboard

mounting system provided the same opaque specimen for both instrument

measurement and visual evaluation.

CIE Tristimulus Measurements of Specimens

After each series of dyeing, specimens were immediately mounted and

measured. X, Y, and Z measurements were taken at three different places on each

mounted specimen, first in the warp and then in the filling direction. Dur.ing these

nleasulements, the instrument reliability was checked every 15 minutes. If the

standard white tile L, a, and b values did not fall within the instrument specification

for drift, the data would be discarded. The instrument then would be recalibrated and

the specimens remeasured. Aftel each set of measurement, specimens were put into

plastic bags and stored in a dalk, dry place.

The instlument values could be fitted by a model involving specinten and

orientation effects, and interaction between specimen and orjentation. specifically, the

model is:

Y¡¡ : F + s, + Êj + (oB),, + e,o
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where

Yrjk: the ÀE of the kth area of the ith specimen and jth orientation.

p: the grand mean.

c)(,i: the main effect of specimen i.

P,: the main effect of orientation j.

(aB),,: the interaction of specimen i x orientation j.

€rjrl the experimental error.

The reseatcher chose the colour differ.ence measurement (ÂE) over. the

whiteness index (wI) because the whiteness inclex was limited to the near white colour

space according to the AATCC Tesr Method 110 and ASTM 8313-87. One would

expect that the interaction between specimen and orientation would be insignificant,

and that the specimen orientation and the exper.imental enor would have an

insignificant contúbution to the total variance of the measurement.

Specimen Selection

The computel program (Appendix C) assisted in the selection of specimens.

For this study, the total colour difference between two specimens was defined as Â8,

derived from the GIELAB opponent colour scales and calculated (AsrM D 2244-gg)

by:

^E 
: [^L*, + La*2 + Lb*21r2 (Equation l)

ÁE also represented differences in lightness (L), chroma (C) and hue (H) which

were represented by:



31

ÂE : tÁL'?+ LC2 + LÍlltrz (Equation 2)

Instrument values identified color¡r differences within each specimen and between

consecutive specimens. The criteria of specimen selection for the visual evah¡ation

were: (a) each specimen was compared to one conrmon r.eference specimen; (b) ÄE

readings within each specimen should be in the range of +0.04 (instrument dr.ift

established in Table B-1) from the average ÂE; (c) the nominal 
^E 

between

consecutive specimens should increase in equal increments from the whitest to the

least white for both threshold and ranking evaluations; (d) 
^L, ^C 

and ÂH between

consecutive specimens were all decreasing from whitest to least white specimen for

visual ranking assessment,

Selection of Subjects

Before approaching students, approval for the study was received flom the

Ethics Review committee (Appendix F). Female students enrolled in the Faculty of

Human Ecology at the university of Manitoba during the 1993 winter semester.were

invited by letter (Appendix F) to form the required panels. Female subjects were

chosen because they tend to have more sensitive visual perception in whiteness than

do males (Coppock, 1965).

The letter outlined the lequirements and duties for subjects and the time

commitment. Students who agreed to participate in the study returned the signed

consent form (Appendix F) and made appointments with the researcher to conduct the

first of five testing sessions.
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Visual Evaluation Sessions

The visual evaluation consisted of five sessions. Table 2 summar.izes the

activities in each session.

Table 2

Summarv of Visual Testins

Session Activities Numbel of specimensAE

1 Pseudo-isochromatic Plates
3 threshold tests

2 2 threshold tests
Completed questionnaire
Ranking tests (vertical)

3 Ranking tests (vertical)

4 Ranking tests (horizontal)

5 Ranking tests (holizontal)

ÀE*"

^E."d, ^E."_

^E".l,,, ^E",",,, ^E ",

^8 
i,,, 

^E.",,, ^q,",

3, 6,9,

3, 6,9,

3, 12

6,9

l2

l2

The first session screened out subjects who might have visual colour

deficiencies by asking them to view a number of pseudo-isochromatic plates. The

Pseudo-isochromatic Colour Test required the subjects to respond to 46 alpha or.

numerical motives embedded in different coloured pattems. The test assessed the

presence of visual colour deficiencies in the red-green and/or the yellow-blue hues.

subjects were aware that they might participate in one or five testing sessions. Those

who were screened out after the first session would not be i¡formed of their visual
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coloul deficiencies unless they asked the lesearcher. only then would the Lesearcher

identify the reason.

Subjects who co*ectly identified all the characters in the pseudo-isochr.omatic

Plates proceeded to the next session. The subjects came to the laboratory at the

appointed time to assess coloul differences in the off-white colour space by paired

comparison and ranking methods. Subjects completed a brief background information

question¡aire (Appendix F) which the researcher later used to describe the

characteristics of subjects. Although this subject selection technique produced a

convenience sample, the students who agreed to participate were randomly assigned to

their visual threshold and ranking tasks.

Total confidentiality of results was assured by the resea.cher. Data were coded

for analyses and no identification of individual subjects was possible. Only the

researcher had access to the subjects' names and coding sheets as they were stored in

a private location. WTen the study was completed, all records of subjects, names,

telephone numbers, and addresses were destroyed.

Experimental Design

This section describes the randomized complete block design used in the

ranking test, visual ranking protocol, and summary of the methocl. The dependent

variable in this sfudy was the subject's visual rank order. The independent valiables

were the numbel of specimens within the ranking series and the ÁE between

consecutive specimens. A sepalate experiment was done on the level of visual
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perception. The fabric source, the specimen mounting system, the wotking r.ange in

colour space, and the viewing condition wele held constant.

Randomized Complete Block Desisn for Ranking

To investigate the effects of ÂE between consecutive specimens and the

number of specimens on visual rank order, a 
'andomized 

complete block design was

used (Meilgaard et al., 1987). A randomized complete block design is of the form:

Factor
Block123...j...k

1 X,, Xr" X,, ... xrj ... X,*
) xzr x2 xr, ... x", ,., xr*, 

1,, 
X, Xr, ... xrì ... X,r

t 
1,, 

x," X,, ... xij 
]<"

b l" Xo, Xo, ... xbj ... lo*

In this study, subjects were the blocks. Each subject evaluated all the

specimens by ranking. X,, represented the lelationship between subjects' rankings and

expected (instÍument) rankings, defined by Kendall's Tau value of the subject i under

the given factor .j.
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Factors for. the Exper.imental Design

The model ploposed to address the first two resear.ch questions can be

illustfated by the following diaglam. The two factors in this moclel were ÂE between

consecutive specimens and the number. of specimens being rankecl at one time.

The fir'st factol depended on the lange of ÄE values established by the

subjects' visual threshold test (^E",j,,, Á8.,"0, and ÅE.,* r.espectively). The values of

^8",j,,, ^E",",1, 
and ÂE,,,"- were kept constant for every subject throughout the ranking

Number of
Specimens

Colou¡ Difference
ÁE"*, ÁE."0 

^E 
,,

t2

test. The researcher determined the nurnber of specimens to be 3, 6, 9, ot 12.

Thereforc, a treatment was one ÂE-n.mber of specimens combination in each cell.

The experiment was done two times, once ',vertically", and then ,'horizontally".

Visual Threshold of Colour Differ.ence

Visual threshold was defined as the smallest colour difference which the eye

could detect in the near white colour space. The threshold test determined the ÂE
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values to be used as a factor in the expe mental design. The results werc also used to

assist in the analysis of the ranking process. The development of the threshokl test

involved a pletest and the final test.

Threshold p'etest. The pretest was canied out over a one-week period with six

subjects who wete not palt of the final panel. During the fir.st exercise, subjects

observed specimen pairs and werc asked to identify the whiter of two specimens

without moving them. In another exercise, they wer.e asked to identify colour

differences (yellowish or bluish white) between pairs of specimen and were

encouraged to interchange the positions of the specimens on the viewing board.

when subjects perceived a colour difference in the first exercise, the lesearcher

asked the subjects to identify which of the two was whiter. to confirm that the subjects

were not guessing in the pretest. However, the researchel observed that the subjects

had difficulty in identifying which was whiter. When subjects were asked to

determine which was the whiter of the two specimens, they could have been

responding differently to changes in ÂL, ÁC, and ÂH. By comparing subjects,

responses to ÁE readings, it was not surprising that many mismatches were observed

because ÂE was a function of ÁL, ÁC, and AH. Hunter (1961) reported that people

prefered yellowish ol bluish white over pinkish or greenish ones. Hunter (1961) also

suggested that bluish white was prefened over yellowish white. The specimens used

in the tlueshold test are along yellowish-bluish continumn, which was established by

CIELAB a* and b* coordinates. The question "which of the two specimens is whiter,'

allowed subjects to choose either a yellowish or a bluish specimen. The question
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"which one appears yellowish or bl.ish white" gave the same hue orientation as the

dyed specimen used. Therefore, the rcvised question was more effective than the first

one in identifying subjects' ability to detect a difference in threshold test which

corresponded to the 
^E 

instrument readings.

Another purpose of the pretest was to determine the specimen handling

technique. Rhode Island Section (1966) suggested that panelists be allowed to

manipulate the specimens in a paired comparison test. However, the pairecl

comparison method lepolted by a Canadian detergent manufacturcr (8. Shantz,

personal communication, 1991) did not allow panelists to touch the specimens.

Research comparing the two specimen handling techniques has not been located.

Figure 2 showed that when subjects were asked to identify the whiter of the

two specimens and were not allowed to interchange the position of the specimens, they

could only reproduce consistent coffect responses when ÂE was equal to or. greater

than 1.0 + 0.04. However, subjects colrcctly and consistently identified colour

diffelences greater than 0.4 + 0.04 when they were allowed to interchange the position

of specimen pairs. The resealcher concluded that interchanging the specimen positions

improved the acculacy of the visual threshold in the near white colour space. The

rcsearcher also noted that the ranking pì.otocol required a similar interchange or

manipulation of adjacent specimens.

Final threshold test. To avoid fatigue, the thr.eshold test was repeated five

times over two sessions. In the first session, subjects repeated the threshold test thrce

tirnes and twice again in the second session. Each time, the specimens were presented
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in a random order.

hr the visual thleshold test, the paired comparison method was used. The

subjects read the instnrctions (Appendix G) for the thleshold test and were asked if

they understood the directions before commencing the test. Specimen pairs were

placed flat, side by side, on the viewing board under Macbeth. subjects evaluated the

colour differences of the specimen pairs at arm,s length. The day-light-sour.ce

illumination fi'om the Macbeth was directly above the specimen area, and the viewing

angle was about 45'flom the perpendicular. Both the researcher ancl subject wore

white lab coats to minimize light reflection from cloth and gloves to prevent

contamination fiom their hands. All othel Iights in the laboratory were switched off.

Specimen pairs were presented to each subject independently in a random

order. Subjects did not know that the series had a fixed refer.ence specimen, which

eliminated an expectation enor (Meilgaard et al, 1987). Subjects were asked the

question "Can you see a colouL diffelence between these specimens?" When the

answer was "yes", the subject was then asked "which one appears yellowish or bluish

white?" The researcher recorded the results as ',/" (meaning "corr€ct") when the

answer \ryas the same as that fi.om instr.ument measurement. If the panelist gave a

different response from the irÌstrument measulement, or lemained unclecided over l0

seconds, the result was ¡ecorded as 't-" (no difference being identified) by the

researcher,

The responses fiom each subject and from the panel were compar.ed with the

expected CIELAB ÂE vah.les. The proportion of co[ect fesponses determined the
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À8 ,"0 and ÁE.,",, values for the fir.st factor. The derivation of 
^8,,,i,,, 

Á8.,.0, ancl ÀE","*

will be explained in the next chapter.

Visual Ranking Protocol

The visual ranking was done over four sessions, two for ver.tical data

collection, and another two for horizontal data collection (Table 2). Before

commencing the ranking test, each panelist read the instructions (Appendix G) and

was asked if they understood their tasks. Specimen series were presented to panelists

in different random orders. The specimens were placed flat side by side on the

Macbeth viewing booth, and the rankings were made under the day-light-source

illumination at arm's length by subjects. All other lights in the laboratory werc turned

off during the test. The illumination of day-light-source from the Macbeth was

directly above the specimen area and the viewing angle was approximately 45. fîom

the perpendicular. Illuminant c was used in both instrument and visual conditions as

the light source. Both the researcher and the panelist wore white lab coats and gloves.

The inshïment rank orders were marked at the back of each specimen ancl were

invisible to panelists.

Data Anal)¡sis

The visual rankings produced ordinal measurements that required

nonparametric statistical analyses. To analyze the effects of ÂE between consecutive
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specimens and the number of specimens on visual rank older., Kendall,s Tau

coffelation coefficient (r) for ranking was calculated to determine the accur.acy of a

subject's lanking against an expected ranking (fiom instrument measurement) for each

series' The ranking accuracy was defined previously r.rnder definitions. page's test

(Daniel, 1978) was used to test the first two hypotheses proposed for this study.

Page's test would determine if a trend existed for the factor effects.

In this chapter, the researcher desc'ibed the procedures fo' assessing reliability

of the Hunterlab. The process of gene'ating several colour space values that were

clitical for the visual ranking experiment was also described. Then, the rcsearcher

accounted for the steps in preparing the specimens, how the final specimens were

selected, and how the subjects were recruited. The experimental design for the

ranking tests was explained. Finally, Table 3 summarizes the chlonological order for

the expel'iments involved in this research.

Table 3

Chronology of Experiments

Sequence Expsdments Sequence Experiments

1

2

3

4

Instrument reliability

Computer programming

Specimen dyeing & measulement

Specimen selection for thleshold Test

Selection of subjects

Visual thleshold tests

Specimen selection for rank

Visual ranking tests

5

6

7

8
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CHAPTER 4

RESULTS AND DISCUSSION

This chaptel presents the results in four sections: specimen prepar.ation,

subjects, the thrcshold test, altd the ranking test.

Specimen Preparation

This specimen preparation section reports the r.esults fiom the specimen dyeing

experiment, and CIE tristimulus measurements of dyed specimens.

Specimen Dyeins

The standard fabric (Type W405) was dyed using the procedule outlined in

Appendix D with various mixturcs of red, yellow, and blue reactive dyestuffs (Table

4) to create series of specimens which varied from the whitest to the least white.

Each mixture used a dyestuff concentration of 0.032 g/1000 ml. The mixture

proportion determined the hue. The procedurc produced a series of ten dilutions

(50:50) from the given dyesnrff mixture to vary whiteness.

After the first series D-1 had been dyed, the CIELAB values L*, a*, b* and ÂE

were measured using a single specimen layer. and the standard white tile as the

backing. The a* and b* coordinates were then plotted on the graph (Figure 3). The

a* axis represented the red (+) and green O opponent colour scales, and bx
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Table 4

Selection of Dl¿estuff Mixture to Plorluce Specimens With klentical Hue

Dyestuff plopoltion
Dyeing
code Blue Yellow

1

2
3

3

3

2
2

1

1

0.5

D-1
D-2
D-3
D-4
D-5
D-6
D-7

0.5
0.5
0.25

axis rcpresented the yellow (+) and blue O opponent colour scales. The dyestuff

mixture for D-2 was based on the results from D-l with the objective of producing

specimen readings that pass through the oligin. This dyeing exercise produced seven

different specimen series which wete plotted in Figurc 3.

Figure 3 shows that the dyeshrff proportions in Dyeing 3 and Dyeing 5

(coruesponding to D-3 and D-5 in Table 4) produced erratic hue changes. The visual

assessment of colour difference in these series did not coincide with ÂE measurements.

The dyestuff p'oportion in D-6 (Table 4) produced the best specimen series because

even though the series did not pass through the origin, but the straight line of Dyeing

6 was very close to ùe origin. The proximity of Dyeing 6 to the orìgin meant that the

hue from dilution to dilution changed very slightly. The stlaight line indicated that

both the hue and chloma changes were controlled, and hue moved gradually from
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Table 5

Dyestuff Concentrations and Dilutions Producing Off-White Specimens

Dyeshrffcgnïntration Dyestuffdilution

Dyeing

code

Dyestuff Stalting Dilution Number of
weight (g) volume (ml) proportion(7o) dilutions

s-1
s-2
s-3
s-4
s-5
s-6
s-7
s-8
s-9
s-10

0.032
0.056
0.064
0.100
0.020
0.030
0.040
0.050
0.050
0.060

1000
2000
2000
1400
2000
1600
1600
r600
1600
1600

25
22.5
25
25
18

21.9
21.9
21.9
21.9
2t.9

10

10

10

i0
10

l0
10

l0
10

12

yellowish to bluish (Hunter, 1965).

The researcher compared the a* and b* values generated from the above

dyeings to those measured on a series of white fabrics which were subjected to

different washing conditions (Pelton, i990). Pelton's data prnduced a linear band

fron the second quadrant through to the fourth quadrant through the origin (Figure 3).

Dyeing 6 produced a linear plot similar to this band. The dyestuff mixture from D-6

(Table 4) was then selected to genel.ate off-white specimens for the visual sensory

threshold and ranking experiments. The researcher manipulated the dyestuff

concentration, dilution and the number of dilutions to produce specimens with varying

ÂE values from the washed, undyed original fabric (W405). Table 5 listed rhe

dyestuff concentration (g/ml), dilution propoltion and the number of dilutions which
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Dwere applied to the D-6 mixtule (Table 4) using the dyeing procedure in Appenclix

to create 102 off-white specinens.

CIE Tristimulus Measurenents of D:¿ed Specimens

X, Y, and Z measurements wete taken fi.om three different places on each

mounted specimen, first in the warp and then in the filling direction. The CIE

flistimulus X, Y, and Z measurements fol each dye series in Table 5 took

approximately 40 minutes to complete. Instrument drjft was checked periodically

using the standard white tile procedures described in Appendix B. The computer

program (Appendix C) generated the 13 instr.ument values L*, a*, b*, 
^E 

(CIE), 
^L

(CIE), 
^C 

(CIE), 
^H 

(CIE), L, a, b, Y, x, and y for each measurements. In total,

7,956 values wele produced (102 x 6 x 13 : 7956).

The CIELAB a* and bx values for the 102 mounted specimens suggested that

the dyeing plocedure controlled hue, and chroma. In Figure 4, the points scattel.ed

above and to the dght of the origin indicated that the specimens were not of the same

hue. However, when ax and b* values tom Figure 4 were compared to those from D-

6 in Figure 3, the dyeing procedure did control the hue, and chroma, and the mounted

specimens had similar hues and chroma to the preliminary dyeing D-6.
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Subjects

One hundled twenty six letter.s of invitation were distr.ibuted to Human Ecology

students. Thilty-five students agreed to participate in the study; nine students

withdrew from the study at various stages. The final sample consisted of 24 subjects.

Galbraith et al. (1987) suggested that a panel of 15 was large enough to produce a

valid assessment in visual textile evaluations. Thereforc, the data collected ftom 24

female subjects were assumed to be adequate for this shrdy.

The subjects, fiom the Clothing and Textiles Department, ranged in age from

21 to 25. The majority had taken at least three textile science courses, and were

responsible for doing their own laundry. AII paid special attention to colour when

pulchasing clothes. Most of the subjects purchased predominantly white apparel items

in the six months prior to participation in the study.

The Threshold Test

The purpose of the thl.eshold test was to establish the ÅE values for the colour

difference factor in the experimental design. Before the threshold test was caried out,

the specimens had to be selected fi.om the pool of 102 dyed specimens.

Specimen Selection

For the threshold test, the reseaLcher was interested only in the total colour

difference value Â8. The following criteda were used for selecting specimens: (a)



49

each specimen 
"vas 

from the neal'white colour space; (b) each lvas compared to one

common refercnce specimen; (c) the valiation of aE within each specimen was chose

to be less than f 0.04 from the calculated aver.age; (cl) difference in ÂE between

consecutive specimens was 0.1.

From textile standads (AATCC Evaluation procedure l, lgg7) and Hunterlab

manual, one would anticipate that the smallest detectable colour difference in near

white would be approximately 0.2 LE units. preliminary threshold testing

demonstrated that 1.0 ÂE unit might be the uppe'threshold limit for some student

subjects to detect the colour differences between textile fabrics. The smallest

detectable colour difference (4-5) for the grey scale to colour change corresponded to

0.8 + 0.2 ÂE units giving a colour difference range from 0.6 to 1.0 AE units (AATCC

Evaluation Procedure 1, 1987). steams (i974) and clcwn (197g) also indicated that

the threshold could vary from subject to subject.

Using the criteria above, and the thrcshold pretest results, twelve specimens

were selected where the nominal ÀE ranged fiom 0.1 to 1.2 units. The reference

specimen had instrument values of L* : 91.00, ax : -0.04, and bx : 1.g4. The

computer program was used for specimen selection. Figure 5 showed the plot of the

ÁE range for the 12 specimens. The ÂE ranges for consecutive specimens

demonstrated no overlap (Appendix H).
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visual rhrcsholcl of Colour Difference 
5 i

When subjects were asked to detect colour. differ.ences between pair.s of

specimen, their lesponses were compared to the nonlinal ÂE values. Figure 6

illustrated the correct responses of the five comparisons for. each nominal aE by 24

subjects in threshold test. The data are listed in Appendix H. No subjects had any

euor when the colour diffelences were greater than 0.5 aE units. Therefore, the

researchel decided that 
^8"j,,, ^E",",r, 

and À8."_ should centre around the 0.5 ÂE

values. consequently, the ÀE"*0 was assigned a value of 0.5. For Á8.u", the value of

0.2 was assigned because according to the Hunter manual, 0.2 ÂE was the smallest

detectable difference possible by the human eye. A value of 0.g was assigned to

Â8",^* because the researchet' had a criterion of equal increments between each aE

factor selected. The 0.8 ÀE also co'esponded to the AATcc colour change grey

scale 4-5 (AATCC Evaluarion Procedure 1, 1987).

The researcher observed that pe[centage of conect response incleased as ÀE

increased. However, as Figure 6 has illustrated, subjects had difficulty identifying

colour difference of 0.3 Â8. To ascertain why the specimen with 0.3 aE caused

problems, the researcher. plotted ÂE, 
^L, ^C, 

and ÂH of all 12 specimens. Figur.e 7

showed that as ÅE increased, 
^L, ^c, 

and ÂH did not always decrease. In compar.ison

to the reference specimen, a decreasing Íend for ÂL meant that the specimens were

getting darker'; a decreasing Àc signified that the specimens were getting duller, and a

decreasing ÂH meant that the specimens were getting bluer. A closer look at the

colorimetric measulements of the specimen with 0.3 ÅE revealed that its lightness and
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hue wele similar to the rcference specimen, but it had higher chroma value (therefore

brighter) than the refercnce specimen (Appendix H). The drastic change of chr.oma

could have influenced subjects' responses in whiteness. These rcsults supported the

statement by Crown (1987) that the colour. components lightness, chroma, and hue

interact with each other in human visual perception. As the hue of specimen 3 was

very similar to the reference specimen, it was not surprising that subjects coukl not

detect any colour differences. Furthermore, because the question posed to the subjects

was "which one appea's yellowish white or bluish white", the subjects might not have

seen yellow or blue hues.

The Ranking Test

The ranking test involved the selection of specimens from the pool of 102 dyed

specimens. Forty two specimens met the criteria established earlier for ÁL, ÀC, and

ÂH; 26 met the criteria of ÂEr,, : 0.2, 
^E."d 

: 0.5, ancl 
^8,,,,_ 

: 0.8 for visual ranking.

Specimen Selection

One cdterion was that there had to be a reference specimen. The researcher.

selected the specimen with the instrument values of L* :91.79, ax : -0.39, and bx :

2.27. Then, 
^8, ^L, 

ÁC, and ÁH for each of the 102 dyed specimens were calculated

flom this Leference specimen. Ave'aged aE values were listed in ascendi'g order.

from the reference specimen. using the ÂE values established in threshold test, the
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resealcher looked for specimens that showed incl.ements of 0.2, 0.5, and 0.g ÀE

(Figure 8). only the specimens in which the aE values had no over.lap with val'es

fi'om consecutive specimens were selected. This procedure ens¡¡red that the whiteness

level for each specimen was differ.ent from the others. Also, each specimen,s

whiteness was controlled within a small tolerance.

A two-way analysis of variance was conducted on the 42 specimens for. ranking

to detemine the effects of specimen, orientation, and the interaction between specimen

and olientation on ÂE. Each specimen had a significant contribution to the total

variance of ÁE measurcment (F: 2009.89, p: 0.0001). The orientation effect was

not significant (F :2.44, p:0.1204), nor was the interaction between specimen and

orientation (F : 0.36, p : 0.9999).

The researcher selected 26 specimens for the ranking tests (Appendix I). The

^E, ^L, 
ÅC, and ÁH of the 26 specimens were plotted in Figure 9. When using the

specimen which had the least amount of dye as the reference (specimen 1), the ÂE

became gleater with the increments of the dyestuffs on each specimen. AL, ÂC, and

ÁH we'e controlled so that 
^L 

was getting da.ker, Âc was getting duller.,and ÀH was

getting bluer as discussed in visual threshold section; thereforc, no single colour.

component (^L, 
^c 

or ÂH) exelted any iuegular influence on the visual perception of

ÂE. The researcher then deter.mined the yxy colour space values for.the 26

specimens. The ranges of values were founcl as follows: y :62.40 to g0.30, x :
0.3120 to 0.3138, y :0.3176 to 0.3209, and fel within rhe off-white colour as

defined for this sfudy.



| *-r" ", o"* t

l AvêEa6 D€ltå E

8.a
g

7.2

ø.4

5-6
4.8

ø,2

2.4
1.O

o.a
o

DeltåEIÎtc¡eEenr-O.B

6

Specii¡eI1 Code blrüdrer

Figure 8. ÂE of selected specimens for ranking



12
 

4 
6 

I 
10

 1
2 

14
 1

6 
18

 2
0 

22
 2

4 
26

S
pe

ci
m

en
 N

um
be

¡s
F

iz
ur

e 
9.

 ^,
E

, 
^L

, 
Á

C
, 

an
d 

À
H

 o
f 

se
le

ct
ed

 s
pe

ci
m

en
s 

fo
r 

ra
nk

in
g



58

Assessment of Visual Ranking Accuracy

Ranking was conducted under two factors usi'g the randomizecr complete block

design. After subjects lanked the specimens, the r.esealcher.had to calculate Kenclall,s

Tau (t) to test the first two nu hypotheses. The r value between the expected

(instnrment) and panelists' rank orclers was used to determine the accur.acy of r.anking

procedure for evaluating off-white fablics. The t values for each subject are listed

under the ÂE and number of specimens factors in Tables J-1 and I-2, respectively.

Tables 6 and 7 list the median t values for the ÂE and number of specimen factors.

The medians, instead of the averages, were used because this was a nonparametfic

analysis.

Table 6 shows that when the number of specimens were contr.olred median t
values increased as ÂE increased. However', median î values did not decrease

consistently as the number of specimens increased when the ÂE values were controlled

(Table 7)' when looking at the number of correct visual rankings (t : r.00) in each

column (Appendix J), the number of correct rcsponses inc'easecr with incr.easing ÁE or

stayed the same when the number of specimens were held constant. Also, the number.

of corrcct responses usually decreased with increasing number of specimens when ÀE

was conÍolled. E*ors in ranking different number of specimens could have

influenced î values. For instance, a single reve'sal in three specimen series brought

î value down to 0.33 while a single reversal in 12 specimen series produced i value

of 0.97.
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Table 6

Median t Values Collected From 24 Subjects Within Each Cell

(Ranking Done When ÂE Varied)

Number
of
specimens 0.2 0.5 0.8

3 1.00 1.00 I .00
6 0.87 I .00 1.00
9 0.89 0.94 1.00
12 0.87 0.96 1.00

Table 7

Median ô Values Collected From 24 Subjects Within Each Cell

(Ranking Done When Number of Specimens Var.ied)

Number of specimens

6912

0.2 1.00 0.73 0.83 0370.5 1.00 1.00 0.94 0.960.8 i.00 1.00 1.00 0.gg

Furthermore, the t values had to be ranked in each block under a given factor.

The ranft orders and rank sums a.e listed in Tables J-3 and J-4 in Appendix J, then

Page's test is applied. The lowest val.e in each series was assigned one and the

highest value was assigned three ol foul depending on the number of levels of a factor

AE
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within each block. For the same t values in each block, the means of the rank

positions (ties) wele given. Table J-3 showe<i that the rank sums decreased with the

increase of number of specimens when the ÂE values wel.e controlled (i.e., fixed), and

the rank sums increased with the increase of ÂE values when the number of specimens

were fixed (Table J-4).

To answer the fìrst research question, the null hypothesis that there is no

difference in the accuracy of the visual ranking process when the aE of consecutive

specimens changes from 0.2 to 0.8 was tested by page's test (vs. Ha,: The Kendall's

Taus are ordered in the following way: ro.2 ( ro., ( rn.*). Table g shows the results.

Table 8

P-Values for Testing Ho, vs Ha,

(When ÂE Varied and Number. of Specimens Was Constant)

36912

g 0.14 0.00 0.00 0.00

Except when lanking three specimens, all p-values are smaller than 0.05.

Therefore, the null hypothesis was rejected when the number of specimens beilg

ranked was 6,9, and 12, meaning that the ranking accuracy was affected by the

magnitude of ÂE between consecutive specimens where the number of specimens was

controlled. The researcher was able to concft¡de that the experimental results were

ordered as specified by the altemative hypothesis (Ha,: The Kendall's Taus are

ordered in the following way: .c0.2 ( fo., ( To..); therefore, the couelation between
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visual and instrument ranks incleased as the ÂE between consecutive specimens

increased.

To answer the second research question, the null hypothesis that ther.e is no

difference in the acculacy of the visual ranking pr.ocess when the number in series of

specimens being ranked varies from n : 3 to n: 12 was tested again by page's test

(vs. Har: The Kendall's Taus are ordered in the following way: .r3 > :"u) ^cn) r,r).

Table 9 shows that all p-values are small.

Table 9

P-Values for Testing Ho, vs Ha,

(trrhen Number of Specimens Varied and ÅE Was Constant)

0.026

Therefore, the null hypothesis was rejected. The researcher was able to

conclude that the expelimental results were ordered as specified by the alternative

hypothesis (Har: The Kendall's Taus are or.dered in the following way: 13 > ae ) trs >

t,r). This mearìt that the ranking accuracy was affected by the number of specimens

being ranked at one time whele the ÅE was controlled. The conelation between visual

and instnrment ranks, therefore, decleased as the number of specimens being ranked

increased.

In addition to testing the null hypotheses, the lesearcher was interested in

examining the relationship between the two factors. The relationship between the

0.80.5o.2

0.0050.000
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number of specimens and 
^E 

was investigated gr.aphicalry. Figure 10 showecl the

'elationship 
between these two facto's. under.each factol.(ÂE, and number of

specimens), the median î values fr.om subjects were plotted. The median absolute

deviations we'e marked on each median (Figure 10). when evaluating three

specimens, the panel could make accurate rankings (t : 1.00) where the ÂEs between

consecutive specimens were 0.2 ÂE units or higher. The panel procruced excellent

couelation coefficient when six specimens were ranked at one time wherc the aE

between consecutive specimens was equal to or higher than 0.5 ÀE units.

Figure 10 illustrates even though the ranking data were collected under

different factors and at different times over six weeks, the medians of ? were in a

similar range. The pattems when ÁE is 0.5 or 0.g are simila¡ but somewhat different

from the pattem when ÀE equals 0.2. These results might be explained by the

information from the threshold test. Every subject detected differences greater than

0.5 aE units during the thresholcl test, while one third had difficulties detecting

differences of 0.2 ÀE units. Therefore, both of the detectable differences (0.5 and 0.g

AE units) generated high î values, and 0.g ÂE differences produced slightly higher

î's than did 0.5 
^E. 

Figure 10 also showed that the higher the ÀE differences, the

less variation of median t's was obselved. There wele some interactions between the

two factors when less than nine specimens we¡e ranked.

The third research question could not be addressed because thel.e was

insufficient data to calculate the threshold ¡esponses for.each panelist. The

24 subjects were then divided into three gr.oups according to the degree of
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Number of Specimens Being Ranked

Delta E = 0.8

Delta E - 0.5

Figule 10. Relationship between median t and two factors
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monotonicity for col¡ect response culves. The gloups wer.e: (a) those whose co[rect

lesponse was always increasing with the inclement of aE in the threshold test, (b)

those with one drop from where the correct response should increase in the threshold

test, (c) all else (Table H-2 in Appendix H). The percentages of conect responses

wefe calculated for each subject fiom five threshold tests where ÂE ranged from 0.1 to

0.5 aE units. This range ofÂE was a<Iopted because subjects had diffrculty detecting

colour diffelences in this range. The clegree of monotonicity represented a level of

visual perception. A lelationship, therefore, between ranking accuracy and the level of

visual perception can be examined by plotting meilian t's against percentage of

corrcct responses grouped accolding to deglee of monotonicity as shown in Figure 11.

The median î's for this plot must be selected from the 0.1 to 0.5 ÂE range (i.e., 0.2).

Median t's were chosen from the ranking factor where the number of specimens was

equal to six because the subjects started to have difficulty in distinguishing the rank

order fi'om this point. The relationship still could not be fully explored because each

group needed more subjects.

One expected that subjects with lower level of colour. perception might also

have lower ranking accuracy while highe. level in perception might produce higher

ranking accuracy. The plots for each group demonstrated different patterns which

suggested that the level of visual perception could have an influence on ranking

acculacy.
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CHAPTER 5

SUMMARY, CONCLUSION, AND IMPLICATIONS

Textile lesearchels have paid little attention to visual ranking and its

lelationship to instrument measurement in assessing fabric whiteness. This chapter

summarjzes an exploratory sfudy to examine the accuracy of a visual ranking

pfocedure. A series of experiments wele conducted. conclusions are drawn and

suggestions for fi.¡rther research are outlined. Implications for visual sensory

evaluation in product development ale also discussed.

Summary

CIELAB ÀE is the only measurement specifiecl in standard test methods to

assess colour difference. However, studies investigating the relationship between

CIELAB ÂE and visual 
'anking 

have not been located in textiles research. The

reseaLcher, therefore, had very little information to draw upon.

The researcher investigated the accuracy of a visual ranking method to assess

colour differences in off-white fablics under a series of controlled conditions. Ranking

accuracy was estimated by the stlength of the Kendall's Tau conelation between

visual ranking and instrument ranking of the same series of specimens. Three research

questions were proposed relating ranking accuracy to: (a) the magnifude of the colour

difference between consecutive specimens; (b) the number of specimens being ranked;

and (c) the level of subject's visual perception.
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A series of preliminary experiments were conrlucted to verify the precision of

the Hunterlab and to develop a compute' progl.am gener.ating color.imetr.ic values. The

researchel produced a series of off-white specimens by fir.st ctyeing a standar.d white

fabric with a given mixture of red, blue and yellow clyestuffs at different

concentrations and dilutions. Then, the r.eseaLcher selected specimens that had the

same ÂE values between consecutive specimens. specimen selection was based on the

following criteria: (a) each specimen series was compared to one common reference

specimen; (b) the 
^E 

measul'ements for each specimen were within a +0.04 range of

the average; (c) the nominal ÁE measurement between consecutive specimens

increased in equal increments from the whitest to the least white specimen; (d) AL,

Âc, and ÂH between consecutive specimens decreased from whitest to least white.

To derive the instrument values, the researcher deveroperl a computer plogram

to convert the cIE tristimulus readings X, y, and z into the 13 reqlrired colorimetric

values. The computer pr.ogram replaced the conventional method of collecting

colorimehic instrument readings, produced val.es iclentical to each individual

instrument measurement, minimized data collection time, facilitated data handling,

reduced specimen contamination and minimized enor resulting from the light source

aging.

The specimens must be opaque because a dircct comparison of visual and

instrument .ankings was required, The researcher adapted the mounting system

rcported in Vandelhoeven's study.
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Twenty-four female students in Clothing and Textiles from the faculty of

Human Ecology participated in the sturly in spring session of 1993. They wer.e

selected after being scr.eened for. colour. deficiency.

The threshold test was conducted to establish the ÀE values for the colour

difference factor in the ranking experiment. The ÀE values were cletemined as Á8'u.

: 0.2, 
^8",",r 

:0.5, and 
^E,"", 

:0.8. In the threshold test, the researcher found that

interchanging the specimen positions improved the sensitivity of the visual thr.eshóld in

the near white colour space.

visual ranking data werc collected using a randomized complete block design

under two factors: (a) varying ÀE between consecutive specimens within a given series

and (b) changing numbe'of specimens being 
'anked 

at one time. The values (0.2,0.5

and 0'8) for the ÂE factor were determined from the threshold test while the values

and the inc¡ement (3, 6,9 alrñ, 12) for the number of specimens factor were

determined by the researcher.

The visual r.ankings produced or.dinal measur.ements that required

nonparametric statistical analyses. Kendall's Tau coefficient (t) was calculated to

determhe the strength of relationship between each subject's ranking order and the

expected ranking for each series within both factors. The expected rankings werc

established from the instn¡ment measutements.

To address the first ¡esearch question, page's test for ordered alternatives was

used to test the null hypothesis that the'e was no difference in the str.ength of

relationship between visual and instnrment ra¡king orders when the colour difference
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value between consecutive specimens increased from ÂE :0.2 to 
^E 

: 0.g. The null

hypothesis was rejected. The lesealcher was able to conclude that the exper.imental

results were ordered as specified by the alternative hypothesis (Ha,: the strength of

telationship between visual and instrument rankings increases as the colour cliffer.ence

value of consecutive specimens incrcases).

To address the second resealch question, page's test was also used to test the

second null hypothesis that there was no difference in the strength of relationship

between visual and instrument ranking orders when the number in ser.ies of specimens

being ranked varied from n : 3 to n: i2. This null hypothesis was also rejectecl.

The resea¡cher was able to conclude that the experimental results were or.dered as

specified by the altemative hypothesis (Har: the strength of relationship between visual

and instrument rankings decreases as the number in series of specimens being ranked

increases),

The third rcsearch question "Does a panelist's level of perception affect ranking

accuracy?" was not addressed because there was not sufficient obser.vations for

statistical analysis; more comparisons were needed per.subject in the thresholcl test.

Therefore, level of colour perception could not be statistically r.elated to ranking

accuracy. consequently, the researcher graphically examined the relationship between

the level of colour perception and ranking accuracy. The researcher grouped couect

responses from the threshold experiment according to their degrees of Íionotonicity

and obselved that the tevel of colour perception could have an influence on ranking

accuracy,
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Conclusions

Relationship Between Visual and Instr.ument Assessments

Although instruments generate quantitative data, they cannot totally reprace

human visr¡al responses. Hunterlab used in this study could detect minute colour

differences and generate interval data. visual evaluation, however, can be used to

directly test subjects' response and to help researchers interpret instrument data. The

experimental design helped to reveal some numeúcal relations among accuracy of

visual ranking, ÂE and number. of specimens in this study.

The overall strength of relationship between visual and instrument rankings in

this study was fairly high. The rcsults illustrated that the median t s for panel,s visual

ranking and standard instrument reaclings (ÂE) ranged from 0.73 to 1.00 when ÂE was

equal to or grcater than 0.2, and when the number of specimens being ranked varierl

fi'om 3 to 12. It seems that the method of collecting the ranking data did not

influence the median î values.

some researchers indicated that ranking was an inaccurate method to assess

whiteness while othels suppolted it by repor.ting "good" conelations with instrument

measurements. From this study, the researcher found that certain ranking conditions

could produce acceptable sensory evaluations and might have potential use for visual

evaluation of fabric whiteness.
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In this'esearch, ranking accu'acy increased as the ÀE between consecutive

specimens increased and as the number of specimens being r.ankecr decreased. when

less than nine specimens werc ranked, some interactions between the two factors were

observed. Median î varues of 1.00 were observed for a the rankings invorving thr.ee

specimens. Also, identical î values we¡e obseled when six or more specimens were

ranked and where the ÂE between consecutive specimens was equal to o[ greater than

0.5 ÂE units. The median î only dropped from i.00 to 0.73 when ÀE:0.2 and

when six or more specimens wele used; therefore, the resea¡cher questioned the

ranking accuracy where specimens with 0.2 ÂE units were involved.

This study supported the conclusion by Coppock (1965) that panelists were

unable to rank the specimens when the colour difference was small and the number of

specimens was excessive (30). The high conelation botween instnrment measurement

and visual evaluation reported by Funy et ar. (1961), Rhode Isrand section (1966), and

warfield and Hardin (1981) might have rcsulted from easily detectabre colo'r

difference and small number of specimens. The researcher courd not compare the

hfluences on'anking accuracy from colour diffelence values reported fiom prcvious

research mentioned above because the values were in different units.

The number of specimens being ranked as well as human,s ability to cletect

minute colour difference influenced ranki'g accu'acy. For example, a single reversal

in a rank order for 3, 6, 9, or 12 specimens produced f values of 0.33, 0.g7,0.94, ot

0.97, respectively.



Implications for Furthel. Research

This resea'ch raised some furthe. questions about r.anking. The researcher,

therefore, makes some suggestions for further research.

Improvement of Thrcshold Test

The threshold test needs to be conducted again. The distribution of conect

responses in the threshold test of this study suggested that the visual threshold

sensitivity could be improved by allowing the panelists to manipulate the specimens

during the evaluation' To increase the precision and accuracy of observations, a

higher number of replications for each ÀE and each subject is requir.ed. The

researchel also suggests that larger number of screened subjects should be used in the

panel if the result from thleshold test will be used to comparc with that from the

ranking test again. The specimens, 
^8, ^L, 

ÁC, and ÂH may be controlled according

to the specimen criteria developed for the.anki.g exper.iments in this study. The

results with and without interchanging specimens may be compared again.

The Point at Which Rankins Accuracy Declines

Results of this rcsearch showed that ranking accuracy was lowered when ÂE

was 0.2 and number of specimens was greater than tfuee. The factors ÂE and number

of specimens, therefore, need to be refinecl to reveal the point at which the ranking

acculacy begins to decline. In future research, the resealcher suggests using

specìmens with ÂE ranging from 0.1 to 0.6 with an increment of 0.1 units and that the



number of specimelìs ranges from three to nine with an increment of one specimen

because the ranking accuracy was lowered in this ar.ea.

Ranking Accur.acly When ÅE Is Not in Equal Inctements

In this research, the AEs between consecutive specimens were in equal

increments. In future study, resea.chers may examine the effects of ÂE and number of

specimens on ranking accuracy when ÄEs are not in equal increments. Specifically,

researchers may Íandomly select ranking series from a pool of specimens with ÂEs

ranging from 0.1 to 0.6 and number of specimens ranging from three to nine. These

unequal increments are closer to the practical situation in textiles.

In textiles research, comparison of ranking and paired comparison methods has

not been located. In this study, although both paired comparison and ranking tests

were conducted, the researcher did not compare the two methods. In this resear.ch, the

accuracy of the two methods could not be directly compared because the threshold test

pfoduced pelcentage of conect responses while the r.anking test generated median ts.

The resealcher, thercfore, could not conclude that one method was better. ol. more

sensitive than the other because each had different units of measurement. Accuracy of

visual and instrument assessment needs to be investigated using paired comparisou and

ranking methods. The purpose is to compare the accur.acy of the two methods under

the same controlled conditions.
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Benefits to Detergent ComÞ_Aqy

Two of the four canadian detergent manufacfurers contacted by the researcher.

in 1991 were using both visual ancl instrì.¡ment methods in developing their products.

This study may enhance detel gent manufactu'ers' under.standing of the relationship

between visual and instmment methods. This study provides insights into designing

and conducting paired compar.ison and ranking tests, and relating instrument

measurements to visual evaluations.

The computer program derived for this shrdy may be usecl by the compalies

when large numbers of specimen measurements are involved. The rcsearchel would

recommend this computer p'ogram for Íìu ther stuclies involving coloul measurement

for acceptability because the compute'program calculates DEcmc, a value which the

current Hunterlab cannot genetate.

consumers of detergents expect a white text e product to retain its originar

colour. Paired comparison can be used to investigate consumeLs, acceptance of colour

change because the method concentrates on colour differences between original and

washed fabrics. Ranking can be used to investigate how well different detergent

formulations rctain whiteness because the method concentlates on coloul. differences

between adjacent (washed) specimens. Detergent manufacturcrs may consider the

rankhg method to assess what level of colour differences or changes is perceivabie by

or acceptable to consumefs,
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Appendix A

Some Detailed Information fr.om the Selectecl Resear.ch
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Textile ApDlications of Instrument Measurement

Equipment

Photoelectric colour difference metre (Fulry et al., 1961)
General electric recording spectrophotometer (Model Gl00) (Coppock, 1965)
Large sphere signature moclel colour eye (Rhode Island Section, 1966)
Hunter colour and colour difference meter (Carver & Wylie, l9g0)
Hunterlab D-40 reflectometer (Warfield & Hardin, lggl)
Macbeth Spectrophotometer (MS _2000 llluminant C) (Monis & prato, l9g2)
Hunterlab D-40 reflectometer (paek, 1983)
Spectrophotometer with illuminant C (White et al., 19g4)
Hunlerlab D-25 colour difference meter (Wilcock & Van Delden, 1985)
Beckman spectrophotometer and Hunterlab colour difference meter (Galbraith et al
1987)

Hunterlab colorimeter (Kim et al., 1997)
Hunterlab with D65 illuminant (Lovilgood et al., l9g9)

Specimen Discolouration

Soiled and laundered (Monis and prato, 1982)
Soiled and laundered @aek, 19g3)
Soiled and laundered (Monis and prato, 1985)
Soiled and laundered ((Brown et al., 1991)

Laye¡s and/or Dimensions of Specimens
Two inches square (5.09 cmr¡ lFurry et al., 1961)
Eight layers and l0 cmz (Warfield, & Hardin, l9g1)
Four layers and four centimetre square (Monis &, prato, Igg2)
Four layers @aek, 1983)

Six by five inches (15.2 X 12.7 cm2) (White er at., 1984)
Two layers (Morris & prato, l9g5)
15 X 12.5 cm2 lBrown et al., 1991)

Handlins of Specimens

Face side and warp direction
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Textiles Applications of Visual Evaluation

Lisht Source

North daytighr (UV + Macbeth Examolite - rype C_4D-UV) (Funy et al., 1961)
Approximare daylight (Coppock, 1965)
Daylight (Macbeth Lamp model #BBX - 826 uv + Near uv) (Rhode Isrand Section,
1966)

North sky light (Monis, 1970)

Aftificial daylight source (Kim et al., 1987)
Macbeth artificial daylight source (Wilson, l9g7)
Xenon-arc light (Colour matching booth (pelton, t9g9)

Soecimen Discolouration

Applying various blue, violet, green, and red pigments to shift purity and brightness
values; adding carbon black to change brightness without seriously affecting purity
(Coppock, 1965)

White cotton fabrics soiled and laundered (Morris, l9Z0)
white (polyester/cotton) fabric soiled and laundered; same difference between each
adjacent specimens (Warfield and Hardin, 19gl)
Soiled and laundered (Wïite et al., l9g4)
Discolourations of white fabrics by dyeing (Galbraith et al., 1987)
Soiled and laundered (pelton, l9g9)

Lavers and/or Dimensions of specimens

Trvo layers and two inches square (5.0g cmr¡ qFuny et al., 1961)
Four layers and fo,r by six inches square (10.2 x 15.2 cm2) (Rhode Island section,
1966)

l0 X 10 cm, (Warfield and Hardin, lggl)
Six by five inches (15.2 X tL..t cmz) (White et al., 1984)
Five inches square (12.7 cmr) (Galbraith et al., l9g7)

Number of Specimens

i2 white unsoiled fabrics (Funy et al., l96l)
30 whìte dyed fabrics (Coppock, 1965)
10 bleached cotton fabrics with brighteners (Rhode Island Section, 1966)
10 white soiled and launderecl fabrics (Warfield, & Hardin, 1981)
39 specimens in rvhiteness (Galbraith et al., l9g7)
Eight laundered fabrics (pelton, l9g9)
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Backine of Snecimens

Light grey Guny er al., t96t)
Neutral background (Brightness 60Zo) (Coppock, 1965)
A background of four layers of bleachecr cotton fabric (Rhode Isrand Section, r966)
Plane grey sudace (Monis, 1970)

vierving board with a standard AATCC ove'head tighting (Galbraith et ar., 1987)
Macbeth colour chamber (Wilson, 1987)

Numbel of Panelists

Three untrained workers (Funy et al., 1961)
20 screened female panelists (Coppock, 1965)
54 different observers at five firms @hode Island Section, 1966)
TIù'ee panelists at each of the six laboratories (Morris, 1970)
Four t¡ained panelists (Warfield, & Hardin, 19gl)
40 panetists (White et at., 1984)
138 consumer panelists (Galbraith et al., l9g7)
15 untrained panelists (Wilson, l9g7)
l5 untrained panelists (pelton, l9g9)

Screenins of Panelists

An average correlation coefficient of more than 0.70 from four independent (paired
comparison) rank series (Coppock, 1965).
Pseudo-isockomatic prates for Testing corour perception (Galbraith et ar., 19g7)

Terminologv Used for Assessment

Blueish white to creamy white (Furiy et al., t96l)
Whitest to least white (Coppock, 1965)
Whitest to least white (Rhode Island Section, 1966)
Datkest to lightest (Wafield and Hardin, 198i)

Handlins of Snecimen

Manipulation of specimens was allowed (Rhode Island Section, 1966)
Orìentation kept constant (Monis, 1970)



Appendix B

Instnlment Reliabil irv
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The Hunterlab manual listecl the L, a a'cl b values for the standarcl white tile
acconpanying the instrument. The L, a and b values for.the standard white tile were
90.94, -1 .20 and 1.80, respectively (Hunterlab Manual).

Tests were conducted using the standard white tile to assess dr.ift ancr precision.
The tile's L, a, a'd b measurements were standar.dize d (g0.g4, -r.20 and l .g0) and
four additional 

'eadings 
were then recorded at 15 minute i'tervals without moving the

tile. The entire procedure was repeatecr over the next two crays. The dara from these
tests were included in Appendix B. The Hunterlab p'ocedure specified a maximum
drift of 0.1 units in the tile's L, a or b measr¡rements over.one hour. The maximum
drift in L, a and b from the standardization point ove. these three tests was 0.02, 0.04
and 0.02, respectively (Table B-1). The maximum standard deviations for L, a and b
were 0.009,0.029 and 0.008, respectively. The results were welr within the specified
requirement of 0. I .

Instrument accuracy were determined from L, a and b readings for the entire
set of standard tiles (i.e., white, pink, green, yellow, blue and grey). The accur.acy
was estimated from the root mean square deviation (0.7 units maximum) for the entire
se'ies of six tiles (Hunterlab Manual). The carculated root means square deviations
for the set of standard tiles were 0.0ig for L,0.043 for a and 0.022 for b. These
results fiom Table B-2 indicated that the accuracy was well within the specified
criteria. These tests confirmed that the instrument per.formance was stabìe, and the
measurements were within the tole'ance levels for drift, precision and accuracy for the
L, a, b coloul space.

The instlument measurement, Â8, required for the visual sensory evaruations
was calculated fiom the CIELAB Lx, a* and b* values. The drift in the ÁE
measurements from the standard white was also recordecl (Table B-1). The maximum
ÁE dlift for the standald white tile measured at four intervals over an one hour was
0.04.

The Hunterlab prerimina'y test indicated that the instrument had no problem in
detecting a ÂE colour difference of 0. 1 between a pair of specimens. The ÂE
measurements in Appendix B-1 suggested that the instn¡ment was more sensitive to
coloul diffe'ence than the human eye (^E: 10.2) (AATcc Evaluation procedure 1,
1987; Hunter Manual).
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Table B- I

Inshument Drift and Precision

Tile Time Reading Standard deviation

sbSL S"

White Dl 0.00
0.o2
o.02
0.03
0.04

0.00
0.02
0.04
0.02
0.04

0.00
0.02
0.04
0.04
0.02

90.94 -1.20 1.80
90.94 -1.22 1.80
90.93 -1.22 r.8l
90.93 -1.20 1.82
90.92 -t.16 1.81

90.94 -1.20 1.80
90.93 -1.22 1.8i
90.92 -r.16 1.81

90.92 -1.20 1.81

90.93 -1.24 1.82

90.94 -1.20 i.80
90.93 -1.i8 1.19
90.92 -1.16 1.80
90.92 -1.16 1.80
90.92 -1.20 1.81

0.008 0.024 0.008

0.008 0.029 0.007

0.009 0.020 0.007

Note: D reprcsents different days for measurcments.
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Table B-2

Instn¡ment Accuracl¡

Tile Time Reading Standald deviation

SL sbS"

White Wl
w2
w3
w4

Pink Wl
w2
w3
w4

G¡een Wl
w2
w3
w4

Yellow W1

w2
w3
w4

Blue W1

w2
w3
w4

Gley W1

w2
w3
w4

90.94 -1.20 1.80

90.94 -1.20 1.80

90.94 -1.20 1.79

90.94 -1.20 1.80

71.34 22.76 9.04
7t.39 22.85 9.10

71.36 22.83 9.11

71.38 22,75 9.08

64.68 -16.06 7.10

64.73 -15.99 7.14
64.68 -15.95 7.12
64.71 -15.97 7.13

77.50 -2.27 20.70

77.53 -2.19 20.74

77.49 -2.20 20.74

77.49 -2.17 20.76

65.63 -7.41 -10.61

65.64 -7.36 -10.62

65.61 -7.31 -10.64

65.60 -7.31 -10.63

32.92 -0.10 0.49

32.92 0.0r 0.49

32.95 -0.04 0.48

32.91 -0.04 0.54

0.000 0.000 0.005

0.022 0.050 0.031

0.024 0.048 0.017

0.019 0.043 0.025

0.018 0.048 0.013

0.017 0.045 0.027

Note: W l'epresents different weeks for measurements.
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Appendix C

ComDute[ Program for Inshxment Data
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The conventional way of obtaining instrument reatrings from the Hunter.lab
(Model D25M - 9) has been to recorcl the values, as required, one by one fr.om the
instrument. For this study, 13 instr.ument values L*, a*, b*, ÁE (CIE), 

^L 
(CIE), 

^C(CIE), 
^H 

(CIE), L, a, b, Y, x, ancl y were r.equir.ed for each measurement. Each
specimen required six measurements. Making the measurements and r.ecording the
data for several hundr.ed specimens woukl be vely time consuming.

The'esearcher', therefore, devisecr a computel. p.ogran, (Table c-1) to ericit the
13 required instrument values from the three CIE tristimulus values X, y, and, Z. T]he
technique used in Tesr Methocl 173 (AATCC, 19g9) was adopted to confirm the
accuracy of computer calculations. AATcc rest Method 173 listed the L, a and b
values which were generated fiom the tristimulus val.es of X, y and z for a series of
standard pairs (red, blue, yellow, green, and gr.ey). The Clothing and Textiles
Department did not have this pa.ticura'set of standard tiles. The pro$am's accuracy
was checked by measuring the 13 required colour space measulements fo¡.the six
standard tiles accompanying the Hunterlab and then these varues were compared to
those generated by the plogram from the X, y and Z values of the same standard tiles.
The diffe'ences 

'anging 
fi'om +0.02 to -0.01 between these two sets of results,

recorded in Table c-1 were consistent with the instrument drift (0.1) established
earlier.

The advantages of this program which were briefly intr.oduced in the method
are outlined in greater. detail here:

Less time lecording values With the computer program, only 1g (3 values X 6
measures) instead of 78 (13 x 6) values were required for each specimen. Therefore,
a fl'action of the time was needed for both 

'ecording 
the data from the Hunterlab and

entering the data into a computer file for analysis.
Minimising specimen contamination The computer program r.equired fewer.

measurements on each specimen when dete¡mining colour differences between a
reference specimen and each of the other specimens. once the instrument r.eliability
was confirmed during the specimen measulement, the specimens wourd not be
measured over and over. The specimens, therefo¡e, were handled much ress during the
instrument measurement phase and had ress chance of contamination using the
computer technique than those measured in the conventional way.

Efficient data handling All the data could be collected in one computer file.
The researcher could select any specimen as the reference point. From the ¡ecorded
X, Y, and Z readings, the computer program took ress than one minute to calculate all
ihe necessary instrument values. These data would otherwise take several hours
(depending on the data size) to record and ente¡ into a conìputer. file under the
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conventional method. (rt should be noted that recordilg and typing might incur.some
mistakes.) The computer proglam listed clata in a format that either.a SAS or Lotus
program could read directly for further analysis. The data colrectecr courcl be
manipulated easily with computer programs to quickly examine the data around a
Leference point to locate a series of specimens which would meet the given criter.ia for.
the visual sensory evaluations.

Aeing of instrument right soul'ce The life span of the Hunterlab right source
could vary between six and eight months. A new right source could produce more
consistent readings than those gene'ated from the olcrer bulbs (Hunter. Manuar). The
computer technique deveroped in this stucry could conect data much quicker than using
the conventional approach. Therefore, the aging of a light bulb had less influence on
the data.

The computer program is listed below:
DrM FY(3),FX(3)

, CMC(L:C) COLOUR DIFFERENCE FORMULA
' ###### ### # # # # # # ### ### # ## ## # ## # # ##
'INPUT DATA AND PRINT RESULTS
' ###### ## # ### ## # ###### ## # ### ## # # ##

lryPUT "INPUT CMC(L:C) WErcHTrNc FACTOR ,L,, ,C, 
',, L, C

oPEN "I", #1, ,'YU.IN"
OPEN "O," #2, '|YU.OUT"
LINE INPUT #1, S$
PRINT #2,'' CIEL CIEA CIEB DEcmc DeItE WI DL DC DH L AB XO YO''
rNPUT #1, x(1), x(2), X(3), xN, YN, zN
GOSUB 30:Ll :CL:A1:CA:B 1:CB
LINE INPUT #1, S$

10IF EOF(1)+0 coTO 20
rNPUT #1, x(l), x(2), x(3)
xO:x(1 )/(x( 1 )+x(2)+x(3))
Y0:x(2)/(x( 1 )+x(2)+x(3))
wI:4.0*x(3)/i. I 8 1 03-3xX(2)
GOS UB 30:L2:CL: A2:CA: B2=CB
GOSUB 40
LINE INPUT #1,S$
PRINT #2, USING "###.##";CL,CA,CB,DE,DE0,WI, USING

't####.##t';DL},IJSING "###.##";DC0,DH,L4,A,B,USING '¡###.####,';X0,y0
GOTO 10

20 CLOSE 1

CLOSE 2
PRINT
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END
' ###########################
, CALCULATE L,A,B VALUES
' ######## ### ######### ### ####
30 X( 1 ):x( 1 yxN:x(2):X(2)/yN:X(3):x(3/zN

L4:10xSQR(X(2)*YN)
A: 1 7.sx(x( I )+xN/O.98041 -X(2)xyN)/sQR(X(2)*\/tv)
B:7.0*(x(2)xyN-x(3)xzN/ I . I I 103)/sQR(X(2)xyN)
FOR I:I TO 3
rF x(r)<8.856E-03 THEN FX(r):7.787xX(Ð ELSE FX(r):X(r)^(t/3)_16/ t 16
NEXT I
CI-:1 1 6*FX(2):CA:s00*(FX( I )-FX(2)): CB:200*(FX(2)_FX(3)
RETURN

' # ##### # # # # # # # # # ### ## # # # # # ## # ## ##### # # # #,CALCULATE 
CMC COLOUR DIFFERENCE

' ##### # ### # # # ## # ###### # # # # # # # # ##### ## # ##
40
DL_:L2-L 1 : DLO-DL: C 1 :SeR(B 1 *B I +A I *A 

1 ): C2:SeR(B 2xB 2+ A2* A2) :DC:C2- C l
S 1:DLxDL+(42- AI)* (A2-A1)+(82-B t)*(82_B t)
DE0:SQR(S1)
DH=0:AA:S1-DL*DL-DC*DC:IF AA <:0 THEN 50 ELSE DH-SQR(AA)
DHO=DH*SGN(CA)xScN(cB)
DCO:DC

50 rF (A2*82):0 THEN 60 ELSE
coTo 70

H2: 1 80-SGN(B2) *90-ATN(A2lB2)x 57 .3

60 BB2:SGN(ABS(82)):AA2:SGN(A2+B2)
lJ2:90*(BB2-AA2+I)

70 IF (41*81):0 THEN 80 ELSE Hi:180_scN(81)*90_ATN(Al/Bl)x57.3
GOTO 90

80 BB I :SGN(ABS(B t)):AA 1 :SGN(A 1+B 1)
H1:90*(BB 1-AA1+1)

90 IF H1<:i64 0R H1>:345 THEN 100 ELSE coTo 110
1 00 r:.36+ABS(.4*COs((H I +35)/57.3)):GOTO 1 20
1 10 T:.56+ABS(.2*COS((H1+ 1 6B)t57 .3))
120 SL:.0 4097 5xl1l( 1 +.0 1 765*L I ): IF Lt < 1 6 THEN LET SL:.5 1 1

SC:.0638xC 1/(i+.01 3 1 
*C1)+.638:F:SeR(C 

I ^4/(Ci^4+1900))
sH:sc+(T*F+ 1_F)
DL:DLI(L'k SL) : DC:DC/(C *SC) 

: DH:DFVSH
DA:H2-H1:IF DA<O THEN DH:-DH
DB:SQR(DLxDL+DC*DC+DH*DH)
DH:DH*SH

130 RETTIRN
140 END
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Appendix D

D)¿eing Condition for Producing Off-White Specimens
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Reactive dye: Remazol yellow GR Lot 39593
Remazol Br.illiant Red BB Lor 50170
Remazol Brilliant Blue R Special 37034
(Manufactur.er.: Hoechst Canarla Inc.

4045 Côte Vertu
MontÉal, Québec H4R lR6)

(Note: Dye solution had to be heated, stiffed with magnetic stir.rer and cooled
to room temperature. Distilled water was added to bring the solution back to
original volume because of vaporization.)

Liouoífabric ratio: lO0 : I

Electrolite: NarSOo 22.0 g/L
NarCO, 10.0 g/L

(Note: In the literature, 50 g/L of NarSOo.l0HrO and 10 g/L of NarCO, were
recommended. However, only anhydrous was Na"SOo available in the lab.
The amount per liter is recalculated.)

container: 10 large stainless steel containers were used, 100 stainless steel ba[s per
container.

Procedures:

1. To produce off-white specimens, the appropriate amount of electrolite (5.5 g
NarSOo and 2.5 g NarCO, in 250 ml dye solution) were placed in each of 10
containers with 100 stainless steer ba s. Dye sorution and erectrorite in each
container had to be mixed completely. All specimens had to be wetted out
before being placed in each of the containers.
2. The containers were placed in the launder_ometer at 75 "C, running for 30
min. Specimens were then rinsed in distilled water at 25.C, placed in Hyclro_
extractor and ironed dry.
3' The stainless steer containers and balls hacl to be cleanecl thoroughry after.
usô.
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Appendix E

Data Showine the Influence of Number of Lalr'el.s and Backing Coloul. on ÂE
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Table E- 1

ÁE measurement Number

of layelsWhite tile Black tile

AE measurement

White tile Black tile

Number

of layels

0.29 0.98 6
0.29 0.83 6
0.26 0.89 6
0.28 0.94 6
0.34 0.9s 6
0.51 1.07 6

¿.5ó
2.39
2.42
2.42
2.36
2.34

1.56
i.58
1.56
1.56
1.57
1.70

1.O7

1.08
1.O4

1.05
1.15

1.11

0.71
0.71
0.68
0.71
0.76
0.81

0.44
0.46
0.44
0.49
0.51
0.57

11.98

1i.81
11.97
t1.79
11.94
11.99

5.72
5.59
5.67
5.63
5.60
5.77

3.32
3.34
3.30
J.JJ
3.37
3.40

2.13
2.13
2.12
2.13
2.12
2.22

r.39
1.40
1.37

1.39
1.38
1.54

0.15
0.16
o.14
0.12
0.17
0.27

0.12
0.12
0.07
0.07
0.1 I
0.15

0.16
0.18
0.1 1

0.10
0.04
0.07

0. 16

0.17
0.09
0.09
0.07
0.06

0.59
0.59
0.57
0.58
0.58
0.73

0.36
0.37
0.3 t
0.35
0.37
0.49

0.21
0.22
0.17
0. 18

0.20
0.34

0. 18

0.i6
0.i0
0.08
0.10
0.19

2
2
2
2
2
2

3

3

3

3

3

3

4
4
4
4
4
4

7
7
7
7
7
7

8

8

8

8

8

8

5

5

5

5

5

5

9
9
9
9
9
9

10

10

l0
10

t0
l0



Appendix F

Documents Relatins Subjects

Approval for Research proposal Involving Human Subjects

Lettet of Invitation

Consent Form

Questionnaire for Subject,s Backgrouncl



FACULTY OF HIJMAN ECOLOGY 99

UNIVERSTTY OF MANITOBA

APPROVÀL FOR RESEARCH PROPOS^AL INVOLVTNG HUMAN SUBJECTS

This is to certifw that: ^ l"Ir. chenyu yang, Department ofclothins and rexriLes, of univã;;itt ;; Maniroba

presented a proposal for a research project entitled:
A Study of Ranking procedure for Evafuating off_white Fabrics.
The.Faculty of Human Ecology Ethics RevÍew co¡nmittee issatisfied that the upp"op.íåt- ði¡ri""r -å.iteria 

for researchinvorvins hurnan subjãåt"'¡,ã"ã-¡ã;-;;Ë. t

Members of the Co¡n¡nittee:

Nane ' position Deþartment
D. Fitzpatrick Àssociate professor Foocls & Nutrition
c. Harvey professor Fanity studies
N. Fetternan Ässociate professor Clothing and

Text i les

Date: March l-5, l-993

no{glnary uit J.s
Co¡nnittee Chair



r00

Letter of Invitation

THE UNIVERSITY oF MANIToBA FACULTY oF HUMAN EcoLoGY Human Ecology Building

Departrnenr of crorhins and rexrires ä#iËiiålift^
33ily,iäi,?:;:;"

Dear Student:
March 7 , 1993

I am a graduate student in the crothing and rextiles Department ancr I am pranning tostudy some sensory evaluation procedures rvhich can apply to visual assessments oi t *tid 
''

fabrics. The Faculty's Ethics committee_ has reviewed^åná approved the study. This letterrvill.explain what your commitment would be and the tasks invotve¿ if you alree to 
- -

participate.
Previous research has established that gender can influence colour perception in visualsensory evaluations. I am controlling the gendir variable by inviting only iemaie stu¿ents toparticipate in the study.

^ In- the experiment, you will be required for one session and may be asked to undertake
a further four testing sessions. Each session wilr require approximateli 20 minutes to 

- ' -

complete the visual evaluations. your task rvill include iaåntirying a series of colour motivesand rating fabric pairs for colour differences, and may involve you ranking 3 or more fabricsfrom the whitesr to the leasr whire specimen. By pariicipating in the stud!, you;ilt;il*"
some experìence in sensory evaluation and insigLt into hìw vlsual sensory measuremJnts aremade on textile fabrics.

I will collect some backgrouncl. infomation from you during the first testing session.The information that you provide wilr be used only to oeiribe the lanel,s protre rîr itre 
-

research and will be kept strictly confidential.

^ _ ^^Ih9 !.r!ing will take place during March, in the Textiles Graduate Office, Room H501of Duff Roblin Building.
Please confirm your participation in the study by completing 1) the consent form andÐ the schedule listing your preferred test times. rnó consentiàrm should be retumed tochengyu Yang by March rs, rgg3, once confirmatíons are received you wi'be advised ofyour test schedule. If you have any questions, please call Chengyu, +;lq_SAß (on campus)I hope that you can assist me in this stuìy.

Sincerely yours,

Chengyu Yang,
Graduate Student

Dr. W. R. Pelton,
Thesis Advisor



101

Consent Form

I have read the retter and uncrerstoocl the tasks ancr commitments of participants
in the ploposed stucly. I understand that:

1. Only female students are being invited to participate in the study;2. This study will take place over a one month period;
3. I will be askecl some backgr.ound information;
4. I am free to choose not to answel. any questions;
5. I am free to withdraw from the study at any time;
6. All information generated from this study will be kept in strict

confidence.

I aglee to participate in the visual sensory investigation entitled ,,A study of
rani<ing procedure fo'evaluating off-white fab¡ics" which assesses fab¡ic whiteness
under dil'ferent sets of condilions.

Name (Please print)

Addless

Phone

Signature

Date

Please indicate in the chart below when you are free to participate the sensory
testing fo¡ the coming two weeks. This information will assist me in co-ordinating the
testing.

Monday Tuesday Wednesday Thursday Friday
AM
PM
AM
PM



euestionnaire for. Subject,s Backgr.ound

At the beginning of session one, you were given an iclentification numbel

which you ale to use to identify yourself in this study. If you have forgotten the

number, please ask the investigator for your.number and enter it here _.
Please provide the following background information by filling in the detairs

requested or circling the appropriate answer..

1. What courses have you taken in clothing and textiles ?
(If none - go straight to the next question)

(Course Name or. Code Number)

2. Are you primarily rcsponsible for doing youl. own laundry ?

yes No

3. How many predominately white apparel items have you purchasecl in
the past six months?

Many Some Few None

4. Do you pay close attention to colour when purchasing apparcì?

Yes No

5. Your age is:

Under'20 21-25 3l-35 36-40 Over 40
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Appendix G

Documents for Visual Evaluation

Instructions for Thr.eshokl Test

Instructions for Ranking Test
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Instructions for Thresholcl Test

According to your perception, evaluate the whiteness of each pair of mounte.

fabrÌc specimens, and answer the following questions:

A. "Can you see a colout difference between these specimens?,, If the

answer is 'ho", tell the rcsearcher "there is no difference,,.

The researcher will record the response on a pre_printed table under

"NO".

B. If the answer is "yES", indicate "which one of the pair appears

yellowish white?,' and "which one appears bluish white?,, by pointing

out the yelowish white and then to the bruish white specimen to the

rcsearcher.

The researcher will record the responses on the pre_pr.inted table under

,,YES 
".

You will be arrowed to arternate the position of each specimen pair during the

exercise.

The researcher will show you an example of yellowish white and bluish white

under the viewing condition before you commence.

During the evaruation, the researcher w l not be abre to answer any questions.

If you have any questions, please ask them now.

If you do not have any questions, please stal.t.



t05

Insh'uctions for Ranking Test

1' Between the two reference specimens praced in the Macbeth booth, yor.r will

rank the white fabrics in the order of whiteness according to theil. intensity

flom left to right (e.g., fi.om the whitest to the least white).

2. When handling specimens, you will wear plastic gloves.

3. If two specimens appear. the same, make a ',best guess,,of their rank order.

4. Once you have establishecl the o,.der from whitest to the least white, the

researcher will recor.d the rank order.

5. During the test, the researcher.will not answer any questions. If you have any

questions, please ask now.

6. If you do not have any questions, we will start.



Appendix H

Data Collected fi.om Thresholcl Test
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Table H- 1

Colorimetric Data Collected from the Threshokl Test

ID ID

1.18 -0.97 _0.62 -0,25 t21.19 -0.96 _0.64 _0.28 121.21 -0.98 _0.60 _0.37 121.r6 -0.98 -0.56 _0.28 121.24 -1.03 _0.60 _0.32 121.23 -1.04 -0.62 _0.22 12

1 .09 -0.78 -0.7 4 _0.21 I 11.13 -0.78 _0.79 -0.21 111.10 -0.76 -0.78 -0.14 l11.08 -0.75 -0.76 _0.17 li
| . 10 -0.76 _0.79 _0.1 I t 11.10 -0.77 _0.78 _0.14 11

1.q3 -o.94 -0.2s _o.34 l0
1 q3 -0.93 _0.26 _0.36 l01.00 -0.93 -0.24 _0.28 10
!.01 -0.95 -0.22 _0.28 r0
lqt -0.91 _0.31 _0.30 t00.98 -0.90 -0.28 _0.28 10

q.89 -0.77 -0.19 _0.40 g
9.22 -0.78 -0.21 _0.44 sq.9q -0.83 -0.18 _0.31 sq.q8 -0.80 -0.i7 _0.31 90.91 -0.81 -0.21 _0.35 g
0.93 -0.85 -0.22 _0.31 g

0.84 -0.75 -0.37 _0.11 8
0.8 t -o.71 -0.38 _0.09 80.79 -0.69 -0.39 _0.09 8q.86 -0.74 _0.42 _0.08 80.79 -0.63 -0.45 _0.14 80.79 -0.65 -0.41 _0.14 8

0.58 -0.26 _0.51 _0.12
0.57 -0.23 _0.52 _0.10
0.62 -0.30 -0.53 _0.12

0.48 -0.37 -O.31 0.o40.49 -0.37 -0.30 0.1 10.48 -0.38 -0.30 0.040.49 -0.37 -0.29 0.130.52 -0.39 -0.34 _0.06
0.53 -0.40 -0.34 _0.08

0.39 -0.39 0.03 _0.02
0.43 -0.42 0.04 _0.02
0.40 -0.39 0.03 _0.04
0.43 -0.43 0.02 _o.o4
0.44 -0.44 0.04 _0.02
0.43 -0.42 0.03 -0.02

0.30 -0.03 0.28 0.110.29 -0.01 0.28 0.09034 0.05 0.32 0.110.31 0.00 0.29 0.100.3s 0.06 0.33 0.090.35 0.07 0.33 0.09

-0.17 -0.13 0.02
-0.15 -0.12 0.04
-0.06 -0.15 0.01
-0.09 -0.15 0.o4
-0.r3 -0.13 -0.00
-0.16 -0.09 0.0s

6
6
6

5
5
5
5
5
5

4
4
4
4
4
4

J
3
3
3
3
3

2
2
2
2
2
2

0.22
0.20
0.16
0. 18
0.19
0.19

0.10
0.10
0.1 1

0.08
0.1 I
0.13

0.02
0.03
0.04
0.06
0.03
0.06

Q.74 -0.68 -0.22 _0.19 7
Q.73 -0.67 -0.23 _0.17 70.70 -0.63 -0.24 _0.18 1
9.72 -0.65 _0.24 _0.20 7q.68 -0.64 -0.12 _0.21 70.69 -0.65 -0.14 _0.i8 7

0.60 -0.31 -0.s 1 _0.07 60.60 -0.29 -0.51 -0.t2 60.s8 -0.26 -0.s1 _0.12 6

-0.06 -0.01 0.07
-0.07 -0.02 0.08
-0.08 -0.01 0.07
-0.05 -0.01 0.05
-0.10 -0.04 0.02
-0.12 -0.04 0.02

-0.02 0.00 0.01
0.02 -0.00 0.03
0.04 -0.0i -0.02
0.05 -0.02 -0.02

-0.03 0.02 0.01
-0.06 0.01 -0.01

0
0
0
0
0
0
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Appendix I

ÀE Values Selected for Rankine Series
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Table I- 1

ÂE Values Selectecl for Ranking Series

^E 
: 0.8

Average Range Average Range Average Range

^E: 
0.5

1

2
3

4
5

6
7

8

9
10

11

12

0.04 0.02-0.06
0,22 0.20-0.24
0.40 0.36_0.45
0.59 0.56-0.61
0.80 0.76-0.84
r.03 L01- 1.07
7.25 1.20-1.31
1.40 1.36-1.44
t.6t i.53- 1.65
1.73 i.68-1.75
1.95 1.89-2.07
2,17 2.12-2.25

0.04 0.02-0.06
0.53 0.51-0.54
1.03 1.01-1.07
1.61 1.53-1.65
i.95 1.89-2.07
2.54 2.46-2.64
3,04 2.87-3.14
3.56 3.52-3.67
3.99 3.96-4.04
4.39 4.35-4.44
4.85 4.79-4.87
5.64 5.51-5.77

0.04 0.02-0.06
0.80 0.76-0.84
1.61 1.53-1.65
2.37 2.29-2.42
3.23 3.15-3.27
3.99 3.96-4.04
4.85 4.79-4.87
s.64 5.51-5.77
6,41 6.39-6.43
7.17 7.14-7.22
7.99 7.94-8.11
8.82 8.76-8.84

Note: Bold numbers hilighted 26 specimens for all rankings.



Appendix J

Kendall's Tau Values from the Ranking Test under Different Factors



69
12

0.
78

8 
1.

00
0 

0.
86

7 
g 
ql

? 
0.

81
8 

r.
00

0 
t.0

00
 t

.0
00

 0
.9

0e
0.

7s
8 

I 
.0

00
 I .

00
0 

q 
qç

Þ
 õ

:s
iö

 i:
öð

ð 
I 
.0

00
 1

.0
00

 0
.s

7o
0.

s4
e 

r.
00

0 
0.

86
7 

g.
çp

? 
o'

.s
tö

 i 
:õ

öð
 I .

00
0 

I 
.0

00
 o

.s
./o

0.
e0

e 
r.

00
0 

r.
00

0 
l g

Q
q 

i:ó
0ó

 i.
ðö

ð 
r.

00
0 

r.
00

0 
r.

0o
o

0.
81

8 
1.

00
0 

r.
00

0 
lg

qQ
 0

.ö
;ó

 i.
ðð

ö 
r.

00
0 

r.
00

0 
0.

s7
o

0.
e0

e 
r.

00
0 

r.
00

0 
¡.

gg
g 

i:ó
ó0

 ï
:ð

öð
 r

.0
00

 r
.0

00
 r.

00
0

0.
78

8 
r.

00
0 

r.
00

0 
lg

qg
 ô

:ö
0ö

 i.
õ0

õ 
r.

00
0 

r.
00

0 
r.

00
0

0.
e7

0 
r.

00
0 

r.
00

0 
l.g

gq
 i:

ó0
ó 

i.ö
ðð

 r
.0

00
 r

.0
00

 1
.0

00
o.

B
te

 r
.0

00
 I .

00
0 

g2
y 

õ'
.ö

ió
 i:

ðð
ö 

r.
00

0 
0.

e4
4 

r.
00

0
0.

87
e 

0.
33

3 
r 
.0

00
 g

2Z
ç 

g 
riö

 
i .ð

ðö
 r .

00
0 

r 
.0

00
 o

.s
3e

0.
66

7 
1.

00
0 

r 
.0

00
 9

.7
??

 ó
..s

ós
 i 

:0
öð

 r .
00

0 
I 
.0

00
 r.

00
0

0.
81

8 
0.

33
3 

0.
86

7 
0^

2y
 i:

óõ
ó 

i:ö
ðö

 r
.0

00
 r

.0
00

 r.
00

0
o.

87
e 

r.
00

0 
0.

86
? 

Q
ilç

 
ô:

öð
ö 

ï:ö
öð

 r
.0

00
 r

.0
00

 r.
00

0
0.

87
e 

r.
00

0 
r.

00
0 

l.g
qó

 ó
'.s

io
 i:

õð
ð 

r.
00

0 
1.

00
0 

r.
00

0
0.

sr
5 

0.
33

3 
0.

86
? 

g:
fii

 
ó.

sá
ö 

i:ð
öö

 r
.0

00
 r

.0
00

 1
.0

00
0.

87
e 

r 
.0

00
 o

.B
6i

 g
 ç

qt
 

ó'
.s

il 
i:0

ðö
 r 

.0
00

 1
.0

00
 r .

00
0

0.
30

3 
r.

00
0 

o.
s6

7 
g 
24

4 
o'

.s
áö

 i.
öö

ö 
r.

00
0 

0.
s4

4 
o.

sl
o

0.
6e

7 
r.

00
0 

0.
33

3 
g 
2y

 
ó'

.s
os

 i.
öð

ð 
r.

00
0 

r 
.0

00
 0.

s.
7o

os
46

 r
.0

00
 r

.0
00

 l 
gq

g 
0:

t8
s 

i:ö
öö

 0
.8

67
 r

.0
00

 r.
00

0
0.

6e
7 

r.
00

0 
r.

00
0 

g 
qç

i 
ð:

ó0
ö 

i.ð
ðö

 r
.0

00
 r

.0
00

 0
.e

0e
0.

e0
e 

1.
00

0 
r.

00
0 

lg
gÞ

 ó
'.s

;0
 i:

öõ
ö 

r.
00

0 
r.

00
0 

r.
00

0
o.

e3
e 

0.
33

3 
r.

00
0 

l g
qq

 ó
'.s

ió
 i:

ðð
ð 

r.
00

0 
r.

00
0 

r.
00

0
0.

e0
e 

1.
00

0 
0.

R
6?

 9
2y

 
ó'

.s
;ó

 i.
ðö

ð 
r.

00
0 

r.
00

0 
o.

ej
o

0.
e0

e 
r 
.0

00
 r .

00
0 

o.
s4

4 
ó'

.tó
ö 

i:ö
ðð

 r .
00

0 
r 
.0

00
 1 .

00
0

N
um

be
r 

of
 s

pe
ci

m
en

s
^E

 : 
0.

8

N
um

be
r 

of
 s

pe
ci

m
en

s
69

t2
^E

:0
.5

12

N
um

be
¡ 

of
 s

pe
ci

m
en

s
36

9

LE
: 

o.
2

1 
1.

00
0 

0.
86

7 
0.

83
3

? 
1.

00
0 

1.
00

0 
0.

77
8

3.
 

0.
33

3 
0.

33
3 

0.
38

8
4 

1.
00

0 
0.

60
0 

0.
88

9
5 

1.
00

0 
0.

86
7 

0.
77

8
6 

i.0
00

 r
.0

00
 o

.s
aa

7 
t.0

00
 0

.7
33

 0
.8

33
I 

1.
00

0 
1.

00
0 

1.
00

0
2 

1 
.0

00
 1

.0
00

 1
.0

00
lq

 
!.0

00
 0

.8
67

 0
.8

89
!! 

0.
33

3 
0.

73
3 

O
.¡

¡:
!?

 
1.

q0
0 

0.
73

3 
0.

88
9

J1
 

!.9
00

 0
.8

67
 0

.8
89

It 
1.

00
0 

0.
60

0 
0.

94
4

l) 
t.0

00
 0

.0
67

 0
.6

1 
I

19
 

l.q
gg

 0
.8

67
 0

.8
8e

! 
! 

l.g
g0

 0
.8

67
 0

.3
89

lÞ
 

1.
00

0 
0.

ss
2 

0.
27

8
le

 
1.

00
0 

0.
86

7 
0.

66
7

49
 

L0
00

 1
.0

00
 0

.s
89

?!
 

1.
00

0 
1.

00
0 

o.
as

Þ
'4

? 
1.

00
0 

0.
86

7 
0.

94
4

43
. 

¡.
00

0 
0.

86
7 

0.
83

3
24

 
t.0

00
 r

.0
00

 0
.8

89

S u b.



T
ab

le
 J

-2

Â
E

 v
al

ue
s

0.
2 

0.
5 

0.
8

1 
I 
.0

00
 r 
.0

00
 t.

00
0

2 
1.

00
0 

1.
00

0 
r 
.0

00
3.

 
0.

33
3 

1.
00

0 
1.

00
0

4 
1.

00
0 

1.
00

0 
1.

00
0

) 
_0

.3
33

 I 
.0

00
 1

.0
00

o 
1.

00
0 

1.
00

0 
1.

00
0

7 
I 
.0

00
 1

.0
00

 I 
.0

00
E

 
1.

00
0 

1.
00

0 
1.

00
0

? 
r.

00
0 

r.
00

0 
r.

00
0

lq
 

1.
00

0 
1.

00
0 

1.
00

0
I 
i 

-0
.3

33
 i.

00
0 

i .
00

0
14

 
1.

00
0 

1.
00

0 
1.

00
0

11
 

0.
33

3 
0.

33
3 

t.0
00

11
 

0.
33

3 
1.

00
0 

I 
.0

00
l) 

!.9
00

 0
.3

33
 1

.0
00

lg
 

t.0
00

 r
.0

00
 t.

00
0

! 
l 

1.
00

0 
0.

33
3 

I 
.0

00
I 
Þ

 
t.0

00
 1

.0
00

 r 
.0

00
le

 
1.

00
0 

1.
00

0 
1.

00
0

?g
 

l.q
qq

 1
.0

00
 1

.0
00

4!
 

r.
00

0 
1.

00
0 

1.
00

0
4?

 
1.

00
0 

1.
00

0 
1.

00
0

?1
 

1.
00

0 
t.0

00
 1

.0
00

24
 

1.
00

0 
r.

00
0 

1.
00

0

À
E

 v
al

ue
s

0.
2 

0.
5 

0.
8

1.
00

0 
0.

13
3

0.
86

1 
0.

73
3

0.
20

0 
0.

86
'1

0.
13

3 
1.

00
0

0.
33

3 
1.

00
0

1.
00

0 
1.

00
0

0.
73

3 
1.

00
0

1.
00

0 
0.

86
7

0.
86

7 
0.

86
7

0.
73

3 
1.

00
0

0.
06

7 
1.

00
0

0.
73

3 
0.

86
7

0.
73

3 
0.

73
3

0.
73

3 
1.

00
0

0.
33

3 
1.

00
0

0.
86

7 
0.

86
7

0.
73

3 
0.

86
7

0.
33

3 
0.

33
3

0.
60

0 
1.

00
0

0.
86

7 
1.

00
0

1.
00

0 
1.

00
0

1.
00

0 
1.

00
0

0.
86

7 
0.

73
3

0.
86

7 
1.

00
0

îM
"d

i""
 1

.0
00

1.
00

0 
0.

77
8

1.
00

0 
0.

83
3

1.
00

0 
0.

61
1

1.
00

0 
0.

83
3

1.
00

0 
0.

66
7

1.
00

0 
1.

00
0

1.
00

0 
0.

44
4

1.
00

0 
1.

00
0

1.
00

0 
r.

00
0

1.
00

0 
0.

94
4

1.
00

0 
-0

.0
s6

1.
00

0 
0.

77
8

i.0
00

 0
.8

33
0.

86
7 

0.
94

4
1.

00
0 

0.
42

3
1.

00
0 

0.
94

4
1.

00
0 

-0
.2

78
i.0

00
 -0

.0
56

1.
00

0 
0.

83
3

1.
00

0 
0.

66
7

1.
00

0 
0.

88
9

1.
00

0 
0.

83
3

i.0
00

 0
.8

89
1.

00
0 

0.
88

9

À
E

 v
al

ue
s

0.
2 

0.
5 

0.
8

1.
00

0

0.
77

8
0.

88
9

0.
88

9
i.0

00
0.

94
4

1.
00

0
1.

00
0

1.
00

0
i.0

00
0.

83
3

0.
66

7
1.

00
0

0.
88

9
1.

00
0

0.
77

8
0.

94
4

1.
00

0
0.

94
4

0.
94

4
0.

88
9

1.
00

0
0.

94
4

0.
94

4
1.

00
0

1.
00

0 
0.

73
3

1.
00

0
1.

00
0

r.
00

0
1.

00
0

0.
94

4
1.

00
0

1.
00

0
1.

00
0

1.
00

0
i.0

00
1.

00
0

1.
00

0
1.

00
0

1.
00

0
i.0

00
1.

00
0

0.
94

4
1.

00
0

1.
00

0
1.

00
0

1.
00

0
i.0

00
0.

94
4

1.
00

0

A
E

 v
al

ue
s

0.
2 

0.
5 

0.
8

12

0.
75

8
0.

81
8

0.
78

8
0.

84
9

0.
81

8
0.

81
8

0.
75

8
0.

90
9

0.
72

7
0.

69
7

0.
42

4
0.

48
5

0.
51

5
0.

81
8

0.
21

2
0.

84
9

o.
39

4
0.

60
6

0.
72

7
0.

72
7

0.
81

8
0.

87
9

0.
90

9
0.

90
9

r.
00

0 
1.

00
0 

0.
83

3

0.
84

9
0.

90
9

0.
87

9
1.

00
0

1.
00

0
o.

97
0

0.
93

9
1.

00
0

1.
00

0
0.

97
0

0.
93

9
1.

00
0

0.
90

9
0.

97
0

o.
90

9
r.

00
0

0.
93

9
0.

91
0

0.
90

9
0.

93
9

1.
00

0
0.

97
0

0.
93

9
0.

84
9

ño
¿

0.
93

9
0.

97
0

1.
00

0
0.

97
0

1.
00

0
i.0

00
1.

00
0

r.
00

0
o.

97
0

0.
93

9
1.

00
0

1.
00

0
1.

00
0

1.
00

0
1.

00
0

o.
93

9
1.

00
0

0.
97

0
0.

90
9

1.
00

0
0.

97
0

0.
91

0
0.

97
0

o.
94

4
1.

00
0

0.
77

3 
0.

95
5 

0.
98

5



12

N
um

be
¡ 

of
 s

pe
ci

m
en

s
69

2 
r 

4 
3_

 
2 

1 
3 

3 
3 

I
zt

3.
s1

s;
i1

33
r

3 
4 

4 
\-

_ 
t 

à 
1,

 
3 

3 
1

2 
3 

2.
s 

?.
s 

z.
s 

ís
 

2.
s 

2.
s 

2.
s 

2.
s

r2
3?

-_
3-

i''
33

31
2 

r 
2.

s 
1.

s 
l.s

 
).

s 
?.

s,
 2

.s
 

2.
s 

z.
s

2 
3 

3 
3 
_ 

j- 
i' 

?.
s,

 
2.

s 
2.

s 
z.

s
3 

t 
2.

s 
? 
s,

 
á.

s 
à.

s 
2.

s 
2.

s 
2.

s 
2.

s
31

3.
s,

..,
 

I-
t-

?3
13

32
r1

-_
)i3

33
r

3.
s 

1 
3.

s 
3.

s 
1 

í 
?.

s-
 2

.s
 

2.
s 

z.
s

3 
2 

t 
z-

 
, 

4 
?.

s-
 2

.s
 

2.
s 

2.
5

32
qi

ià
?.

s-
2.

s2
.s

2.
5

32
zj

^a
í?

.r
2.

s2
.s

z.
s

32
ls

tà
?.

s,
2.

s2
.s

2.
s

32
4r

t;?
.1

 
2.

s2
.s

2.
s

2r
41

1i
3.

s3
.s

r2
13

4r
ái

13
3r

2 
r 

z 
s-

 
á 

í 
z 

r 
3 

3
21

3.
s!

.s
ià

 
33

1
r 

2 
z 

á-
, 

â 
i 

?.
, 

2.
s 

2.
s 

2.
s

3 
2 

t 
?.

s 
á.

s 
à 

2.
, 

2.
s 

2.
s 

z.
s

| 
3 

+
 

1_
 

t*
 

i 
s 

3 
3 

r
1 

2 
3.

5 
z.

s 
, 

í 
2.

s 
2.

s 
2.

s 
2.

s

A
E

:0
.8

t2
N

um
be

r 
of

 s
pe

ci
m

en
s

T
ab

le
 J

-3

^E
: 

0.
s

69

61
.5

 
48

.5

N
um

be
r 

of
 s

pe
ci

m
en

s
o9

64

LE
:0

.2

66
50

.5

14
3

2 
3.

5 
3.

5
3 

1.
5 

1.
5

44
1

54
3

6 
3.

5 
3.

5
74

1
83

3
93

3
10

41
11

 
3.

5 
2

72
41

13
41

14
4T

15
41

16
4t

17
43

18
42

r9
43

20
 

3.
5 

3.
5

21
 

3.
5 

3.
5

22
41

23
42

24
 

3.
5 

3.
5

b.
-t

s u

62
.5

 5
s

45
54

.5
52

>
 

88
.5



0.
8

A
E

 v
al

ue
s

0.
5t2

¿
2.

5 
1?

.5
r.

5t
.5

 
11

23
2 

2 
1 

3-
 

i" 
t"

 
1 

1 
2 

3
2.

s 
1 

2 
? 

r 
í 

?,
 

1 
2 

3
2 

r 
2.

s 
?.

t 
i 

i..
s 

?.
s,

 r
 

2.
s 

2.
s

2.
s 

1 
2.

s 
?.

t 
i 

i:.
Ë

 2
.s

 
1 

3 
2

2 
2 

2 
z-

 
t 

t-
 

? 
| 

2 
3

21
2.

s?
.r

1í
.s

?.
s1

23
22

.s
12

3;
;"

?r
2.

sz
.s

2 
Ls

 
15

 
1 

, 
; 

? 
r 

2.
s 

2.
s

21
2.

s?
.2

;1
11

2.
s2

.s
2.

s 
t 

2.
s 

?.
, 

I 
) 

),
 

| 
2.

s 
z.

s
2 

t 
z 

j^
- 

i 
i.s

 
2.

s 
t 

2.
s 

2.
s

3 
l.s

 
r.

s 
a 

r 
t"

 
q,

 
| 

2 
3

2.
s 

r 
3 

?_
 

î 
í.s

 
2.

s 
1 

2 
3

2.
st

2.
s?

.s
î2

-?
12

3
2 

t.s
 

r.
s 

1 
i.s

 
i.s

 
I 

r 
r.

5 
r.

s
2.

s1
22

1"
à"

?t
2.

s2
.s

2L
si

.s
1L

á1
12

3
2r

z.
s?

.s
_i

;1
r2

3
2r

2.
s7

sî
ilr

3z
z2

zi
-ii

.s
2.

s1
2.

s2
.s

2 
2 

z 
i 

î 
t-

 
?,

 
1 

2.
s 

2.
s

2 
2 

I 
3,

 
i 

ãs
 

_2
., 

r 
2 

3
2t

2.
sz

.s
ii'

.É
z.

s2
t3

0.
2

A
F

 v
al

ue
s

0.
5 

0.
8

0.
2

Á
E

 v
al

ue
s

0.
5 

0.
8

64
53

Á
E

 v
al

ue
s

0.
5 

0.
8

T
ab

le
 J

-4

64

12
2

')a
.

3t
2.

5
42

2
51

2.
5

6)
.

'7
a.

R
).

O
t. 10
22

il 
1 

2.
5

12
22

t3
 

1.
5 

1.
5

14
 

1 
2.

5
15

 
2.

5 
7

16
22

17
 

2.
5 

1

18
22

lO
 

a 
^

LZ
')(

\ 
) 

.
2t

22
))

't^
t?

1. 24
22

52
 

34
 

47
.5

 
62

.5
 

29
 

5 
i

b'
 

0.
2

Ð
 

44
.5


