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ABSTRÀCT

The study examines the application of aerial thermography to
ceiling heat loss detection in residential buildings. The

main objective is to identify features of house structure
that have a significant effect on roof temperature. The

presence of such features lowers the correlation between

roof temperature and ceiling heat Loss, orì which thermo-

graphic heat loss detection is based. The study introduces

a method whereby the effects of house structure can be re-
duced, thus increasing the reliability of aerial thermog-

raphy for heat loss detection.

À sample of 209 houses in a resident,ial area in north-
western winnipeg h'as examined. seven structural features

were measured for the sample houses: attic insulation
R-value, attic ventilaLion, roof orientation, roof pitch,
lot frontage, house quality and the presence of an upper

harf story. These features vrere colrected via terephone and

ground surveys and interpretation of farse-colour infrared
aerial photographs. Roof temperature was measured for the

houses from colour-enhanced sliced thermographs.

The relationship between roof temperature and each struc-
tural feature was examined with the aid of bivariate and

multiple regression analysis and computer-generated maps.

1t



Bivariate regression anarysis facilitated comparison with
previous research, in which it was the primary statistical
technique employed. Multipre regression analysis enabled the

re.rationship between roof temperature and each structural
feature to be estabrished with all other features entered as

controls.

Partial residuals were derived from the multiple regres-

sion model as a method of reducing the effects of house

structure on roof temperature. Partial residuals were de-

fined as that component of the variation in roof ternperature

unaccounted for by all features in the multiple regression

model except insulatio¡r R-value. On the assumption that
R-value accurately depicts variations in ceiling heat. 1oss,

partial residuals were presented as a more precise index of

ceiling heat loss than roof temperature.

Lt1
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Chapter I

INTRODUCTT ON

This thesis is concerned with the application of aerial
thermography to ceiling heat Ioss estimation in residential
buildings. Àerial thermography is a branch of remote

sensing dealing with the measurement of radiant energy with
an airborne infrared line scanner (lnrS). This device is
sensitive to radiation in the thermal infrared region of the

electro-magnetic spectrum (ntfS), ranging in wavelength be-

tween 3 and 14 um. The IRLS measures the thermal radiant

energy emitted and reflected by terrestrial objects within
ground-resolution ceI1s, or pixels, of approximately equal

size arranged in a matrix pattern over the terrestrial
scene. This pattern is created in tandem by the forward

motion of the aircraft along the flight line and the oscil-
lation of a mirror within the rRLS that reflects radiation
to the thermal sensing device.

The application of this technique to ceiJ.ing heat loss

detection in residential buildings is based on the relaLion-
ship between radiance and temperature. À11 objects above

absolute zero (0on or -273"C) emit radiation, the intensity
of which is dependent on the temperature of the object. To

calculate roof temperatures from thermographic data, the

1
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measured radiance val-ues of the pixels covering the roof

surface are related to the radiance values of two reference

prates rocated within the rRLS, the temperatures of which

bracket the temperature range of the terrestriar scene and

which are imaged along with the scene at the time of overf-
light. The emittance characteristics of these reference

prates approximate theose of a blackbody, the theoreticat
perfect emitter which neither reflects nor transmits energy

and emits it at the same rate at which it is absorbed (artis
and carnahan 1982, 313). Roof temperatures thus calcurated
are referred to as apparent roof temperatures to denote the

fact that they represent the temperature at which a brack-

body wourd be in order to emit the same amount of radiation
as the roof. Like other terrestrial objects, roofs are

known as greybodies since they emit radiation in varying
proportion according to their physical properties.

Thermographic estimation of ceiring heat ross is based on

the premise that there is a causal relationship between heat

ross and roof temperature. High temperatures are assumed to
be the result of high revels of heat loss. This assumption,

however, is valid only for buirdings with flat roofs. rn

these buildings, interior heat is transferred to the roof
surface directly Lhrough the insulation 1ayer. ln contrast,
most residential buildings contain a ventilated attic air
space, which separates the roof from the insuration rayer.
In these buirdings, warm air Èhat has been transferred to
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the attic from the building interior is removed through the

attic ventilation system. Heat lost from the interior is

dissipated before reaching the roof surface; thus roof temp-

erature is dependent, not only on the level of ceiling heat

loss, but on the rate of attic ventilation.

ln most residential buildings, the roof surface is in-
cl ined from the horizontal-. This poses an additional
problem for heat loss detection, since it resul-ts in the

reception by the roof of radiation emitted by neighbouring

terrestrial objects. This radiation may be either absorbed

by the roof and later re-radiated, or reflected directly to

the IRLS where it will be interpreted as emitted radiation.
In either case, a higher roof temperature will be recorded

than if the roof received no radiation. Roof temperature is

therefore partially dependent on the leveI of radiation
received by the roof, which is determined primarily by roof

pitch, the orientation of the roof relative to neighbouring

terrestrial objects and the proximity of such objects.

The effects of attic ventilation and the reception of

incident radiation contradict the basic premise that roof

temperature is determined primarily by the leveI of ceiling
heat l-oss. Roof temperature var iat ions may ar i se so1e1y

from structural differences among houses. Such differences

must therefore be accounted for if accuraLe heat loss esti-
mates are to be obtained from thermographic data. The ob-

jectives of the present study are:
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to examine the relationship between roof temperature

and house structure in order to ident,ify structural
features that have a significant effect on roof temp-

erature; and

to introduce a method for reducing the dependence of

roof temperature on such features, thereby increasing

the accuracy of aerial thermography for heat loss

estimation.

The rationale behind the present study lies in the

fact that aerial thermography has the potential to

reduce Lhe demand for energy and lower home heating

costs. In Canada, home heating accounLs for approxi-

mately 15e" of the country's total energy consumption

(Utqn and CMHC 1976, 4). Policy makers have thus come

to recognize the necessity of adequate insulation and

appreciate the importance of retrofitting as a means

of reducing residential energy requirements. This

concern is shared by homeowners who must bear the

burden of spiralling energy costs. However, heat

loss can occur at many locations in the home and

arise from air exfiltration, insulation deterioration
or inadequacy, or poor heating habits (veregin 1984).

It is thus often difficult to ascertain the exact,

cause, Iocation and level of heat loss in the home.

ÀeriaI

to thi s

thermography can provide a partial solution
problem by providing a means of estimating
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relative leve1s of ceiling heat loss. The technique

provides information needed by the homeowner to esti-
mate the amount of retrofit materials required, as-

sess the financial benefits of retrofitting and

schedule repairs on the basis of the severity of heat

1oss. Retrofitting of attic insulation can signifi-
cantly lower heating costs, since heat lost through

the ceiling accounts for up to 30eo of the total heat

losses of a residential building, depending on its
design and the amount of insulation present in other

areas of the house. Excessive ceiling heat loss can

often be rectified more easily and at less expense

than heat lost through the walls and around windows

and doors. As a diagnostic tool, aerial thermography

is also relatively cost-effective, due to its ability
to survey thousands of houses on a single overflight.



Chapter I I

REVÏEW OF LITERÀTURE

Previous research indicates that thermographic measurements

of roof temperature are affected by three factors related to
house structure: the level of ceiling heat loss, the rate of

heat dissipation through the attic vents and the amount of

incident radiation received by the roof. To a lesser de-

gree, temperatures may also be affected by roof emissivity,
house age and style and the presence of anomalous structuraL
features.

2.1 ATTTC INSULÀT]ON LEVEL

The amount of internal heat reaching the roof surface is
directly affected by the leveI of ceiling heat loss.

Ceiling heat loss includes both conductive and convective

losses. Conduction refers to the transfer of interior heat

through the attic insulation layer. The rate of conduction

is dependent on the R-value, or thermal resistance, of the

insulation and t.he temperature differential between internal
and ambient air. Convection refers to the exfiltration of

interior air through gaps in the ceiling vapour barrier.
The rate of convection is determined primarily by the size

and location of these gaps and the pressure differential
between the interior and exterior of the house.

6
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Previous research has focused almost exclusiveJ-y on con-

ductive heat loss, due in part to the difficulty of esti-
mating the ratio of conductive to convective losses for
individual buildings. rt has generarly been assumed that
conductive heat loss constitutes the larger component of the

total ceiling heat losses of residential buildings. Thus,

under the assumption that the internal-ambient air tempera-

ture differential is identical for all houses being studied,

the R-value of the attic insulation layer has been employed

as an index of the level of ceiling heat Loss.

Research indicates that a negative relationship exists
between roof temperature and insulation R-va1ue. Treado and

Burch (1981) examined this relationship for three tesL-

houses in Springfield, Missouri, which had similar construc-

tion styles but varying amounts of attic insulation" A

series of thermographs of the houses was obtained at various

altitudes and under different environmental conditions.
Roof temperature was estimated qualitatively from thermo-

graphs using visual interpretation techniques. It vras found

that at aIl altitudes and under alI environmental condi-

tions, roof temperature was a reliable indicator of the

amount of attic insuLation present. Image tones indicating
warmer roof temperatures were consistently observed for
houses having less insulation.

Hathout (1980, 1981)

apparent roof temperature

examined the relationship between

and insulation depth for houses in
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two residential areas of Winnipeg, Manitoba, one composed

mainly of houses 50 years of age or more, and the other

containing many houses built in the last decade. Àpparent

roof temperatures for over 4400 houses were obtained from

sliced thermographs on which each slicer or shade of 9rey,
represented a unique t.emperature range. Each house was

classified according to the predominant temperature range

covering the roof.

Ànalys i s of a sample of these houses reveal-ed a negat ive

rerationship between apparent roof temperature and insura-
tion depth. vlell insulated houses tended to have lower roof

temperatures than poorly insulated houses. However, substan-

tial overlap in roof temperatures between well and poorly

insulated houses was observed. This finding was attributed
to the effects of other structural features.

Lawrence, EIIis and Smith (1978) examined the relation-
ship between apparent roof Lemperature and attic insuration
thickness using linear regression analysis. They sought to
derive an equation whereby insuration thickness for a given

house could be estimated on the basis of roof temperature.

Àpparent roof temperatures for a sample of 864 houses in

Stratford, Ontario, were obtained from sliced thermographs.

Houses were assigned a numerical code indicative of the

Lemperature range that predominated on the roof.



9

The coefficients of determination for the regression of

insul-ation thickness on apparent roof temperature were 0.59,

0.48 and 0.69 for bungalows, one-and-a-haIf and two story

buildings, respectively. The researchers concluded thaL it
was possible to estimate attic insulation thickness accu-

rately on the basis of roof temperature alone. The rela-
tively high correl-ation observed between temperature and

insulation thickness, however, was in part attributable to

the fact that "aIl- houses with anomalies" were excluded from

the analysis (Lawrence, Ellis and Smith 1978, 246) .

Anomalies included attic heating ducts and moisture-damaged

insulation. Houses were also excluded if insulation thick-
ness was not known precisely or if roof temperatures ap-

peared to be excessively high or low based on the amount of

insulation present. Àll split-IeveI houses h'ere also ex-

cluded, since they showed l-imited insulation depth variation
(lawrence, Ellis and Smith 1978, 247), and exhibited temper-

ature variations on different roof leve1s that could not be

accounted f or by the leveI of insulat ion al-one.

Brown , Cihl-ar and Te i 1let ( 1 981 ) exami ned the relat i on-

ship beLween apparent roof temperature and attic insulation
level in a study of 97 residential buildings in Ottawa,

Ontario. Thermographic data vrere acquired on three separaLe

occasions under different environmental conditions. The

average apparent roof Lemperature for each house was ob-

tained for each set of thermographic data using a computer-
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ized image analysis system. This system made it possible to
measure the radiance associated with each pixel and convert

these radiance values to apparent temperatures by relating
them to the radiance values of two blackbody reference

plates within the IRLS.

Regression analysis revealed an indirect relationship
between apparent roof temperature and insulation level.
However, insulation level accounted for a relatively small

proportion of the variation in temperature. The coeffi-
cients of determination for the regression of temperature on

insulation R-value were 0.09, 0.01 and 0.11 for bungalows,

one-and-a-half and two story buildings. The researchers

concluded that apparent roof temperature did not accurately

refLect variations in insulation Ieve1. In contrast to
Lawrence, EIlis and Smith (1978), these researchers did not

exclude all houses with anomalous features from the sample.

This factor accounts in part for the lower level of explana-

tory pov¡er observed in the study. The researchers suggested

that such features had a significant effect on roof Lempera-

ture.

2"2 ATTIC VENTILATION RÀTE

Roof temperature is also directly affected by the rate of

attic ventilation. The function of attic ventilation is to
remove warm, moist air from the attic and replace it with

ambient air. This process serves to minimize attic condensa-
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tion and prevent the development of ice-jams on the roof

surface. Attic ventilation causes some of the heat lost
from the building interior to be dissipated from the attic
before it reaches the roof surface. The greater the rate of

heat dissipation, the lower the amount of heat transferred
from the buirding interior to the roof surface, ceteris
paribus. The rate of attic ventilation is determined by the

physical characteristics of the ventilation system, in-
cluding the type, number, size, location and operating effi-
ciency of the vents. rn addition, it is affected by environ-
mental factors such as wind speed and direction.

Brown, TêiIl-et and Cihlar (1978) examined a sample of 72

houses in ottawa in order to determine the extent to which

apparent roof temperature h'as dependent on the rate of attic
ventilation. Apparent roof temperatures of the sample

houses rvere carculated with the aid of a computerized image

analysis system. using a heat loss modet detailed by Brown

(1978) which emulated the processes of heat dissipation from

the attic of a model residentiar building, the researchers

vrere abre to estimate attic insulation R-values for the

sampJ-e houses on the basis of apparent roof temperature.

Model estimates of R-value were first obtained for a

subsample of 26 houses under the assumption that none of the

houses contained an atlic ventiration system. rt was found

that R-vaLues tended to be over-estimated when actual venti-
lation rates were high and croser to actual R-values when
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ventilation rates v¡ere low. This finding indicated that,
when attic ventilation vras not incorporated into the modeJ-,

roof temperature variations associated with the rate of

attic ventilation were mistakenly assumed to arise from

differences in insulation R-va1ue.

The researchers then used val-ues of 1 0, 5 and 0 to repre-

sent actual rates of attic ventilation for the 26 houses and

re-calculated R-values with the modelling procedure. A

significant increase in the correspondence between actual

and estimated R-values vlas observed. The coefficient of

determination for the regression of actual R-values on esti-
mated R-values increased from 0.09 to 0.41 when attic venti-
Iation rates vrere incorporated into the procedure. Similar

results were obtained for an additional subsample of 46

houses for which attic ventilation rates vrere estimated from

aerial photographs.

The researchers concluded that the use of aerial thermog-

raphy for measuring ceiling heat loss from residential
buildings had to be approached "very cautiously" due to the

dependence of roof temperature on the rate of attic ventila-

tion (Brown, Teillet and Cih1ar 1978, 219-20). They noted

that

. " . att ic vent i lat ion must be taken int,o account
when quantitative predictions of attic insulation
level are made from aerial thermograms (Brown,
Teitlet and Cih]ar 1978, 222).



.13

The study also demonstrated the feasibility of applying a

corrective technique in order to minimize the effects of

attic ventilation, thereby increasing the leveI of corre-
spondence between roof temperaLure and the R-value of the

attic insulation.

The effects of attic ventilation on roof temperature were

furLher examined by Brown, Cih1ar and Teillet (1981 ). The

researchers hypothesized thaL attic ventilation rate, and

Lhus the rel-at ionship between att ic vent i lat ion and roof

temperature, was dependent on environmental conditions such

as wind speed and direction. They argued that such condi-

tions increased the dependence of attic ventilation rate on

the physical characteristics of the ventilation system.

Under the assumption that ventilation system characteris-
tics would differ among houses of different ages, they re-
gressed apparent roof temperature on house age for two sepa-

rate data sets acquired under different environmental condi-

tions. The coefficient of determination for the first data

set, obtained when wind speed was high (in excess of 22

Un/hr) , vras O .23 ¡ f or the second data set , obta ined when

wind speed vras considerabJ-y lower ( 10 km/nr) , the coef f i-
cient was not significantly different from zero. It was

concluded that under windy conditions, the physical charac-

teristics of Lhe ventilation system became more important in
determining the rate of attic ventilation and thus had a

significant deterministic effect on roof temperature,
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2.3 INCTDENT RADI ATI ON

Roof temperature is also affected by the leve1 of incident
radiation received by the roof. Incident radiation may be

either reflected or absorbed. Reflection results in an

increase in the amount of radiation received from the roof

by the IRLS. Àbsorption causes roof temperature to rise,
which in turn results in more radiation being emitted by the

roof. whether reflected or absorbed , íncident radiation
causes an increase in thermographic measurements of roof

temperature that is unassociaLed with any increase in the

leveI of ceiling heat loss

The amount of incident radiation received by the roof is
determined primarily by three factors: roof orientation,
roof pitch and the proximity of neighbouring terrestrial
objects. Previous research indicates that roofs that face

the street network generally receive lower levels of inci-
dent radiation than those that face neighbouring buildings.
In the former case, the primary source of incident radiation
is the sky, whereas in the latter, a greater proportion of

the total radiation incident on the roof is emitted by ter-
restrial objects. As terrestrial objects have higher ap-

parent temperatures than the sky, reratively more radiation
is received by the roof in the latter case.

Hathout (1980, 1981) found a strong relationship between

roof orientation and apparent roof temperature in both resi-
dential areas of Winnipeg that vrere examined. In one area,
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24.5>" of all houses with apparent roof temperatures above

the midpoint value exhibited an east-west orientation of

roof ridge-lines. In the second area, the percentage was

22.4e". Houses with this roof orientation vlere generally

those for which the roof surfaces faced the street network.

Thus, roof surfaces facing the street network tended to have

lower temperatures than those facing neighbouring buitdings.

Roof pitch also affects the amount of incident radiation

received by the roof. À positive relationship has consis-

tently been observed between roof temperature and roof

pitch. In comparison to roofs of low pitch, those of high

pitch receive a greater proportion of total incident radia-

t.ion from neighbouring terrestrial objects. Roofs of high

pitch therefore tend to have higher temperatures than those

of l-ow pitch, ceteris paribus.

Hathout (1980, 1981) found that high apparent roof temp-

eratures were more frequently associated with roofs of high

pitch: 57.8>" of the houses with apparent roof temperatures

above the midpoint value had roofs of high pitch. Brown,

Cihlar and TeilIet (1981) found that temperat,ure increased

in direct proportion to roof pitch. Roof pitch accounted

for approximately 10e" of the variation in apparent roof

Lemperature. The researchers concluded that changes in
pitch produced significant variations in roof temperature

that vrere unrelated to the level of ceiling heat loss.
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A third factor affecting the leve1 of incident radiation
received by the roof is the proximity of neighbouring ter-
restrial objects. Radiation intensity varies inversely as

the square of distance (Wiebelt 1966, 18). Thus the increase

in roof temperature associated with the exchange of radia-
tion between buildings should be proportional to the inverse

of the square of the distance between them. This effect
should be mosL pronounced when roof pitch is high and the

roof faces neighbouring terrestrial objects.

The effects of incident radiation on roof temperature

were examined by Tanis and Sampson (1977). They sought to
calculate ceiling heat losses for residential buildings
using a modelling procedure that simulated the roof energy

gains associated with the reception of incident radiation.
Heat losses vrere calculated for a model building by emu-

Iating the processes of heat transfer from the building
interior. The combined effect of roof orientation, roof

pitch and the proximity of neighbouring terrestrial objects

was incorporated into the modelling procedure using an index

of the fraction of total roof exposure occupied by terres-
trial objects, given one of two combinations of features: a

roof of high pitch that faced neighbouring objects and was

in close proximity to them; or a roof of low pitch that did

not face neighbouring objects and was not in close proximity

to them. These two combinations were assumed to approximate

conditions in older and newer residential areas, respec-

t iveIy.
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Heat losses were calculated using the modelling procedure

as successive increases were made in roof temperature. This

made it possible to graph the relationship between tempera-

ture and heat loss. Separate graphs were produced for each

of the two combinations of structural features. Àpparent

roof temperatures for 256 houses in Ypsilanti, Michigan,

v¡ere obtained from thermographs and used to estimate heat

loss levers from the graphs. These heat ross estimates were

compared to information on attic insulation leveIs and home

energy use obtained directly from homeowners. The re-
searchers found that estimates were generally accurate and

concluded that the technique could be used to distinguish
between insulated and uninsulated houses. They noted, how-

ever, that there was sti11 too much variation in roof temp-

erature to be able to estimate precise levels of ceiling
heat loss.

2.4 ROOF EMTSSTVTTY

Theoretically, roof temperature should also be affected by

roof emissivity. Roof emissivity is defined as the ratio of

the total emissive power of a roof at a given temperature t.o

the total emissive povrer of a blackbody at the same tempera-

ture" Total emissive povrer refers to the total thermal ra-
diant energy emitted by an object into the entire volume

above the object per unit time and area (wiebelt 1966, 1S).

A blackbody is a theoretical perfect emitter of radiant

energy and thus i ts emi ssivi ty i s equal to un i ty.
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TerresÈrial objects such as roofs are referred to as grey-

bodies since they emit less energy than a blackbody at the

same temperature. The emissivity of any terrestrial. object
is therefore less than unity.

Variations in roof emissivity affect the amount of

thermal radiation emitted by the roof. The IRLs measures

the apparent temperature of a roof r oF the temperature at

which a blackbody would be in order to emit the same amount

of radiation as the roof. Two roofs with similar kinetic
temperatures but different emissivities will therefore ap-

pear to have different temperatures when measured with ther-
mography. The apparent temperature of a roof is typically
several degrees lower than its kinetic temperature. The

relationship beÈween apparent and kinetic temperature is
given by the following equation¡

Roof emissivity
characteristics of

whe re

T¡ = Kinetic roof temperature

Ta = Àpparent roof temperature

E = Roof emissivity

IS

the

¡k
Ta

¡ t /4
rJ

(2.1)

determined primarily by the physical

roof surface, including its colour,
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chemical composition and texture. Previous research indi-
cates that variations in the emissivity of common roofing

materials are of such low order as to have an insignificant
effect on roof temperature. Anomalous roofing materials such

a slate or metal, however, have very 1ow emissivities and

therefore tend to be associated with low apparent tempera-

tures.

Brown, Cihlar and TeiIlet (1981) examined the effects of

roof col-our and degree of weathering on roof emissivity in

order to test the hypothesis that emissivity differences

accounted for some of the variation in apparent roof temper-

ature. Asphalt shingles of several colours were subjected

for one year to the weathering effects of sun and precipita-

tion. Their emissivities were then measured with an infrared

spectrometer. It was found that the emissivities of these

shingles did not vary significantly from the emissivities of

unweathered shingles. The researchers concluded that varia-
tions in roof emissivity caused by roof colour and degree of

weathering would have a negligable effect on roof tempera-

ture.

The effects of weathering vrere further assessed by exam-

ining the relationship between apparent roof temperature and

house age. The researchers hypothesized that observable

variations in roof temperature would arise from differences

in roof emissivity among houses of. different ages, since

these houses would experience different degrees of weath-
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ering. The correlation between age and temperature was not,

however,, significantly different from zero. This finding
indicated that variations in degree of weathering associated

with house age had a negligable effect on roof emissivity
and thus on roof temperature.

A similar conclusion was reached by Àrtis and Carnahan

(1982), who analyzed thermographic data for 1411 houses in

Terre Haute, Indiana, in order to assess the extent of roof

emissivity variation. The modal emissivity vaÌue for each

house vras obtained and the distribution of these values for
the sample houses was then examined. The houses v¡ere found

to exhibit 'a limited spread of ernissivity variation: 98.8co

of the roofs had emissivities between 0.89 and 0.95. The

researchers noted that the standard deviation of the distri-
bution was of the same order as the possible error in emis-

sivity measurements due to random measurement error (artis

and Carnahan 1982, 327). They concluded that, with the

exception of anomalous roofing materials such as slate and

meLa1, emissivity variations among roof s have a negligabte

effecL on roof temperature (ertis and Carnahan 1982, 328)"

2"5 HOUSE AGE AND STYLE

Research has consistently identified a positive rel-ationship

between roof temperature and house age. In their study of

Stratford, Lawrence, Ellis and Smith (1978) discovered that

newer houses tended to have lower apparent roof temperatures



than older houses. This finding was attributed
leveIs of attic insulation in newer houses.
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to higher

Hathout (1980, 1981) compared apparent roof temperatures

for two residential areas of different ages. In the older

area, 62.6e" of all houses had temperatures above the mid-

point valuei in the nevrer area, the percentage was 4.6eo.

Hathout attributed this finding to higher level-s of attic
insulation in nev¡er houses and the repetition of certain
structural feaLures in houses built at the same time or by

the same contactor (ttathout 1980, 15 ) .

Brown, Cihlar and Teillet (1981 ) examined thermographic

data acquired under different environmental conditions and

found that a significant rel-ationship existed between ap-

parent roof temperature and house age only when wind speed

was relatively high. They attributed this finding to dif-
ferences in attic ventilation system characteristics for
houses of different ages. They argued that these differences

became important in determining the rate of heat dissipation
from the attic when the number of attic air exchanges per

hour was high, Under Less windy conditions, such differ-
ences had only a marginal effect on the rate of heat dissi-
pation, since the number of air exchanges was rel-atively low

regardless of the characteristics of the ventilation system.

Research has also identified a

between roof temperature and house

signif icant relationship
style. Lawrence, Ellis
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and Smith (1978) found that bungalows and split-Ievel houses

generally had lower apparent roof temperatures than one-and-

a-half or two story houses. They suggested that this phenom-

enon rvas due to the amplification of convective currents

within taller buiIdiDgs, resulting in higher levels of con-

vective heat loss through the ceiling.

Brown , Cihlar and TeiIlet ( 1981 ) also found significant
apparent roof temperature differences between bungalows,

one-and-a-half and two story buildings. On average, the

temperature of bungalows was lower than that of one-and-a-

half story houses, and the temperature of one-and-a-half

story houses lower than that of two story houses. They noted

that these temperature differences were probably due to

structural- variations among the three house styles, but did

not identify the exact mechanism causing the difference.

2.6 ÀNOMALOUS STRUCTURAL FEATURES

Anomalous features, usually present in only a small number

of houses in the population of interest, ñêy also affect
roof temperature" Àmong the most common anomalies are

porches, verandas, attached garages, overhanging vegetation,

flat roofs and cathedral ceilings. Porches, verandas and

garages are frequently unheated or uninsulated and thus

their inclusion in roof temperature calculations may bias

temperature measurements for the house proper, Overhanging

vegetation tends to mask areas of the roof and prevent the
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accurate measurement of roof temperature for these areas. In
houses with either flat roofs or cathedral ceilings, heat is
transferred to the roof surface from the building interior
by conduction alone, since no attic air space exists and no

attic ventilation occurs. Moreover, frat roof surfaces re-
ceive no radiation from neighbouring terrestriar objects.
The roof temperatures of such houses cannot be directly
compared to those of houses with vented loft roof syst,ems,

for which roof temperature is partially dependent on attic
ventilation and the reception of incident radiation.



Chapter I I I

PROCEDURE

In the present study, roof temperature and house structure
were measured for a sampl-e of houses located in a residen-

tial district in the north-western part of Winnipeg,

Manitoba. The study area extends for a distance of 2.5 km

along Jefferson Avenue, between Main Street and McPhillips

Street and contains over 1 700 houses (rigure 3.1 ) . This

area vras selected because of the diversity in the age and

structure of houses, which provided a wide range of roof

temperature variation. A second reason for selecting the

area vras the availability of false colour infrared (rCrn)

aerial photographs and col-our-enhanced thermographs of the

area, which were produced in 1978 by Dr. S.À. Hathout. The

following is a brief description of the field methods, labo-

ratory methods, computer mapping techniques and methods of

statistical analysis employed in the study.

3.1 FIELD METHODS

Structural features

in the study area.

sample selection:

rvere measured f or a sample of 561 houses

The following procedure r.¡as employed in

24
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The address of each house in the study area v¡as ob-

tained from cadastral maps produced by the Department

of Environmental Planning of the City of Winnipeg.

The occupant, t€Iephone number and tenancy of each

house was obtained from the 1979 Henderson Directory

using address information obtained in the previous

step.

Every fourth house in the area was then selected for
inclusion in the sample unl-ess it v¡as not owner-

occupied. In this case, the preceding house was

chosen, subject to the same constraint. SeLection

then continued from the last house chosen.

Occupants and telephone numbers for sample houses

were verified against the most recent telephone di-
rectory. This enabled the identification of cases in

which homeowners had moved or the telephone number

had changed in the interim between thermographic data

collection and survey administration.

A telephone survey was designed and administered for the

sampre in order to obtain information on insuration revels

and attic ventilation system characteristics, which could

otherwise be obtained only by in situ observation. Às ther-
mographic data for the study area had been acquired in 1978,

it was necessary to assess conditions that existed some five
years previous to the administration of the survey. This r{as

achieved by eliciting information on the history of retro-

1

2

3

4
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fitting activity for each house. Each.homeowner was first
asked if retrofitting of attic insulation had ever been

carried out and if so, when it occurred'and what type of

insulation was added. The homeowner was then asked if the

additional insulation had been placed on top of existing
insulation or if existing insulation had been removed. This

process continued until the l-ayer of insul-ation installed at

the time of construction was identified. A similar procedure

was followed to assess attic ventilation system characteris-
tics. It v¡as thus possible to determine the insulation and

ventilation conditions existing at any time since house

construction. The questionnaire form is reproduced in
Appendix A.

Information on insulation conditions included the type

and installation date of each layer of insulation present in
the attic. Information on insulation thickness vras not col-
lected, on the assumption that homeowners would have experi-
enced di f f icuILy in recall ing such inf ormat ion. R-val-ues

were thus calculated under the assumption that each layer of

insulat ion vras of the same thickness. The resi st ivity, or

R-value per inch thickness, was obtained for each type of

insulation present in the sample from data tabulated by

Energy, Mines and Resources Canada and Canada Mortgage and

Housing Corporation (1976, 42). The R-value of the insula-
tion for each house was cal-culated as the sum of the resis-
tivities of each type of insulation present in the atti.c at

the time of thermographic data collection.
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Attic ventilation was measured as present or absent and

no attempt was made to determine the type, number and l-oca-

tion of vents. As expected, many homeowners experienced

difficulty in describing the characteristics of the ventila-
tion system and recatling the installation dates of addi-

tional vents. Àttic ventilation was thus equal to 0 when

vents were not present and to 1 when they r^rere present.

Information on structural anomalies was also obtained in

the telephone survey. Houses with flat roofs and cathedral

ceilings v¡ere identified on the basis of questionnaire re-
sponses. These houses vrere eliminated from the sample since

the heat transfer mechanisms in the roof systems of such

houses are not directly comparable to those in vented loft
roof systems.

Table 3.1 shows the response rate for the telephone

survey. Of a total sample of 561, 300 (53.5e.) participated

in the survey and 261 (46.5e") did not. 217 (72.3e") of the

participants were able to provide answers to aII questions

and 83 (27.7e") were able to answer some of them. 84 (32.2e")

of all non-participants were homeowners who could not be

reached by telephone, although each sample house was called
a maximum of Len times at different times of the day and on

di f f erent days of the week . 177 (67 .8e") of the non-

participants vrere individuals who refused to take part in

the survey for one of the following reasons:
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Grouo Freeuencv
Pe rcen ta ge
of Group

Percentage of
Total Samoìe

Participants:

Ànswered al I quest i ons

Ànswered some guestions

Tota i

217

83

72.3

27.7

100.0

38. 7

14.8

53.5300

Non-Participants:

Refused interview

Not contacted

Tota i

177 67.8

32 .2

100.0

31.5

15.0

46.s

84

261

Total Sampìe 561 100.0

TABLE

Response Rate for
3.1

Telephone Survey

1. lack of interest in home energy conservation;

2. conviction that the survey nas actualLy being con-

ducted by a private contractor for the purpose of

identifying houses in need of additional insulation;
3. lack of knowledge about insulation conditions in the

house; or

4. general unwillingness to divulge information.

Àddit ional f ield ïork
quality and lot frontage.

nas required to
House quality was

measure house

employed as a
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surrogate measure of house age. Lot frontage vras assumed to
portray variations in the distance between houses. House

quality was obtained for the sample houses from maps pre-

pared by the Department of Environmental Planning of the

City of Winnipeg. These maps were based on evidence of

structural deterioration discerned from external visual
inspections of individuaL houses. Four categories of

quality were defined: good, fair, poor and very poor. Few

of the sample houses fell into the latter three categories,
however, and thus they were amalgamated to form one group.

Low house quality !.Ias denoted by a value of 0 and high

quality by a value of 1. Lot frontage values for the sample

houses were obtained from property tax rolls located at

winnipeg City Ha11.

3.2 LABORÀTORY METHODS

Additional information on house structure was obtained from

FCTR aerial photographs of a scale of 1:3000 for the 217

houses for which attic insulation and ventilation conditions
had been acguired. Forward overlap on successive photo-

graphs was approximately 60eo, making it possible to view the

houses stereoscopically. The interpretation techniques

employed were based on methods developed for the identifica-
tion of parameters of house structure and location indica-
tive of house quality, including roof condition, landscaping

and the presence of refuse, vegetation and off-street
parking. Several researchers have found that FCIR photog-
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raphy is most suitable for the coLlection of these data at

both the parcel and aggregate l-evels (WelLar 1 968b; Marble

and Horton 1969; Lindgren 1971). FCIR photography enhances

detail and increases contrast between built-up and non-

built-up areas.

In the present study, four features of house structure
r.¡ere interpreted from aerial photographs: roof surface

material, roof orientation, roof pitch and the presence of

an upper half story. Interpretation of roof surface ma-

terials was based primarily on textural differences among

roofs; in addition, certain materials, such as tar and

gravel, are usually found only when roofs are of low pitch.
The type of material present was used to estimate roof emis-

sivity, which enabled kinetic roof temperatures to be calcu-
lated for the sample houses. Two types of roofing material

were identified, asphalt shingles and tar and gravel, both

of which have emissivities of approximately 0.97 (Colcord

199-l , 239, .

Roof orientation was measured in terms of the proportion

of total roof surface facing neighbouring buildings. VaIues

of 0.0, 0.5 and 1.0 were assigned, respectively, to houses

with roof surfaces facing the street network, those with

hip-type roofs or roof dormers and those with roof surfaces

facing neighbouring buildings.
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Roof pi tch and the presence of an upper hal f story rvere

interpreted using a mirror stereoscopê, which facilitated
stereoscopic viewing of the aerial photographs. Houses were

assigned to one of two roof pitch categories, l-ow or high,

which were assigned values of 0 and .1 respectively. These

categories refl-ected construction practices in the study

area, as roofs tended to be either nearly flat or inclined
at an angle of approximately 45o. Houses with an upper half
story lvere identified on the basis of the height of the

house, the shape of its shadow and the presence of features

such as roof dormers, which are characteristic of houses

with an upper half story. The presence of an upper half
story r^¡as denoted with by a .value of 1 and its absence by a

value of 0. 1

Thermographic data were

1:00 a.m. on 6 april 1978.

altitude of 490 metres ASL

a i r temperature lras 2.8"C ,

tops were free of snow and

acquired for the

These data were

when sk ies vrere

wind speed was 11

ice.

study area at

collected at an

clear, ambient

kn/hr and roof-

Roof temperatures for the sample houses were calculated
from colour-enhanced thermographs produced with a density
slicer. Each colour on the thermographs represented a

unique apparent temperature range. The thermographs were

The original research design called for the measurement of
the number of stories. However, as very few sample houses
had two stories, measurement of this feature was abandoned
in favour of the presence or absence of an upper half
story.



displayed on a CRT monitor and

fiIm. The following procedure

tion of roof temperature:
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phoLographed using 3Smm slide
was employed in the calcula-

1 . The sI ides vrere pro j ected and each house in the

sample vras delineated with the aid of the FCIR photo-

graphs.

2. The boundaries between each temperature range on the

roofs were delineated

3. The proportion of total roof area covered by each

temperature range was calculated with a pJ_animetric

technique. Àreas obscured by overhanging vegetation

and porches, verandas and attached garages were iden-

tified from Lhe FCIR photographs and excluded from

these calculations.
4. The areal measurements obtained in the previous step

were multiplied by the midpoint value of the corre-
sponding apparent temperature range. These products

were then summed for each house to give the weighted

apparent roof temperature in oK. Àpparent tempera-

tures were converted to kinetic roof temperatures by

accounting for roof emissivity (equation 2"1). Roof

emissivity was the same for both types of roof sur-
face material identified in the sample. A WATFIV

programme was writLen to perform these cal-culations
(Àppendix c).
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A total of I houses were deleted from the sample because

they could not be discerned clearly on the thermographs; the

final sample therefore contained 209 houses. Table 3.2

describes the data items coll-ected for the sample houses.

À11 items represent conditions that existed in 1978, when

thermographic data v¡ere acquired. For attic insulation and

ventilation, 197B conditions were assessed on the basis of

responses to querries about previous retrofitting projects.

For all other characteristics, it was necessary to assume

that conditions had not changed in the period since thermo-

graphic data collection.

3.3 COMPUTER MAPPTNG TECHNIOUES

À WATFIV programme (SpOtUap) was written to produce computer

maps of each data item for the sample houses (Appendix D).

The location of each house, defined in terms of its
Cartesian co-ordinates relative to a specified origin point,

was first digitized from maps of the study area produced by

Dr. S.A. Hathout. SPOTMAP vras then run to convert these

co-ordinates to row and column locations in â two-

dimensional- array. Data values for the sample houses were

read in from a separaLe file. Map symbolism and class in-
tervals were also read in and SPOTMAP then assigned the

appropriate symbol to each house. Maps were output on a

Iine-printer. FinaIly, streets and important street names

were added by hand to improve map legibility"



Feature Source

Roof temperature
Colou r -enhanced

thermographs

Àttic insulation
R-value Telephone survey

Àttic ventilation Telephone survey

Roof orientation Air photo interpretation

Roof pitch
Air photo interpretation
and field survey

Lot frontage Property tax rolls

House quality
-Department of

Eñvironmental elanning

Upper half story
Air photo interpretation
and field survey

Description Values

Kinetic roof temeparture ( oK) Continuous

R-value of insulation
assuming equal thickness
of all insulation layers

Presence or absence of an
attic ventilation system

Proportion of roof surface
facing neighbouring buildings

Pitch of roof

Frontâge of lot in feet

Index of house quality based
on structural deterioration

Presence or absence of an
upper half story

TÀBLE

Dãta Items

3"2

Con t i nuous

0 = absent;
1 = present

faces
faces
faces

st reet networ k ;
both directionsi
neighbouring buildings

0.0 =

1.0 =

low;
hish

Con t i nuous

1or.¡;
hiqh

0
1

0
1

0=
1=

absent;
pre sen t

Col lec ted
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3.4 DÀTA ANÀLYSIS

The forlowing outlines the methods of data anarysis employed

in the study.

3.4.1 Àccuracv Test

The accuracy of air photo interpretation was assessed with a

statistical test that enabled the Level of accuracy in the
entire sampre to be inferred on the basis of the number of
incorrect interpretations in a subsample of houses. The

f oJ.).owing equation:

E
n!x

n-X x (3.1)o (1-Q)
i=0 x! (n-x) !

where

X = Number of incorrect
in the subsample

interpretat ions

= Size of the subsample

= Proportion of correct
in the sample

interpretat ions

gives the cumulative binomial probability, p, of obtaining x

or fewer incorrect interpretations in a subsampre of size n

given an accuracy level of A in the sampl.e (Àronof f. 1gg2,

1301). rf a is set to the minimum acceptabre Level of accu-
racy required, the equation can be used to test the hy-
pothesis that the actual Ìevel of accuracy in the sample is
ress than the acceptabre level. obtainment of a low prob-

P

n

a
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ability indicates that it is unlikely that only X incorrect
interpretations would be encountered in the subsample if in

fact the accuracy level in the sample was no higher than O.

One would therefore reject the hypothesis and conclude, in

effect, that the accuracy level in the sample was not less

than the acceptable level. Conversely, obtainment of a high

probability would afford no justification for rejecting the

hypothesis and thus one would conclude that the leve1 of

accuracy in the sample was in fact less than the acceptable

1evel.

This test is designed to minimize the risk of erroneously

concluding that sample accuracy is not less than the accep-

table levet (Aronoff 1982, 1305). There is, however, a

concomitant high risk of erroneously concluding that sample

accuracy is less than the acceptable level. In the present

study, the former type of error would result in the use of a

set of incorrectly interpreted structural features, which

would introduce bias into the statistical analysis. The

latter type of error would necessitate re-interpretation of

structural features, thereby increasing the time and cost of

data collection. It vras reasoned that bias would cause more

serious problems than data re-interpretation, due to the

fact that the main statistical technique emloyed in the

study, regression analysis, is based on certain restrictive
assumptions concerning the absence of measurement error in

the explanatory variables.
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Interpretation accuracy was tested for three features:

roof orientation, roof pitch and the presence of an upper

half story. A random-stratified sampling method was used to

select subsamples of houses for statistical testing. A total
of 20 houses v¡as chosen at random from each interpreted
category¡ oF stratumt of each of the three features exam-

ined. Once selected, a house v¡as returned to the sample and

therefore could be included in the subsample more than once.

This approach, called sampling with replacement, v¡as neces-

sitated by the assumptions of the statistical test employed

(Huntsberger and BillingsIey 1 981 , 1 38 ) .

Àfter subsample selection, a field survey v¡as conducted

for the purpose of determining whether each subsample house

actually belonged to the stratum to which it had been as-

signed by air photo interpretation. Table 3.3 compares the

results of the fietd survey with those of air photo inter-
pretation. The number of incorrect (x) and correct (n-x)

interpretations is presented for each stratum of each fea-

ture. Al-so shown is the cumulative probability of obtaining

up to X incorrect interpretations, given a value of 0.75 for

O in equation 3.1. These probabilities were calculated with

the WÀTFIV programme presented in Appendix E.

Às TabIe 3.3 indicates, interpretation errors occurred in

three of the seven strata: high roof pitch and both the

presence and absence of an upper half story. The number of

incorrect interpretations for these strata are, respec-



Strâtum

Roof orientation:

Facing buildings

Facing street

Facing both directions

Roof pitch:

Low

High

Upper half story:

Pre sent

Àbsen t

20

20

20

20

20

20

Subsample
Size
(n)

Number of
I ncor rec t
Interpretations
(xl

Number of
Cor rec t
Interpretations
(n-x)

20

Probability
of x or Fewer
Incorrect
Interpretations
(e)

0.003

0.003

0.003

0.003

1 .000

0.996

0.225

0

0

0

20

20

0

15

1020

20

10

17

q

3

TÀBLE 3.3

Results of Interpretation Àccuracy Testing
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tively, 15, 10 and 3; corresponding probabilit.ies obtained

with equation 3.1 are '1 .000, 0.996 and 0.225. For all three

strata, the calculated probabilities exceed 0.05,' used in

the present study as the cutoff leve'I for the hypothesis

rejection region. It vras therefore concluded that the level

of accuracy in the sample for the three strata vras less than

the acceptable level of 0.75.

Roof pitch had previously been interpreted from aerial
photographs for the houses in the study area by Hathout

(1980, 1981 ). Application of the accuracy testing procedure

indicated, however, that these data vrere not interpreted
with sufficient accuracy to justify their employment in the

present study in place of the incorrect roof pitch values.

Of a total of 20 houses chosen randomly from each of the two

roof pitch strata identified by Hathout, low and high, the

number of incorrect interpretations were 1 and 5 respec-

tively. These values correspond to probabilities of 0.024

and 0.617 , given a value of 0.75 f or Q.2

Interpretation errors in the present study were attrib-
uted to the difficulty of measuring variations in roof pitch

and number of stories using stereoscopic techniques. For

this reason, accurate measurement of these characteristics
was not possible without modifying the interpretation tech-

2 As the interpretation of roof pitch involves considerable
subjective judgement, it is possible that these interpre-
tation errors reflect nothing more than a minor difference
in the definitions of high and low pitch used by Hathout
and the present researcher.
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niques employed. In order to ensure complete accuracy, air
photo interpretation v¡as abandoned in favour of a ground

survey. Each misinterpreted stratum was re-measured from the

ground for aIl houses originally assigned to the stratum by

air photo interpretation. As Goldstein and Hazard (1979, 10)

noted, for areal units of 40 to 50 square miles or less, a

ground-based survey is as economical as an aerial survey for
the acquisition of information on house structure. This

observation lvas borne out in the present study; the field
survey of three strata expended approximately one-quarter of

the man-hours required for air photo interpretation and

accuracy testing for all seven strata.

3.4.2 Bivariate Reqression Analvs i s

Bivariate regression analysis was employed in the presen.t

study to examine the relationships between roof temperature

and individual structural features. This statistical tech-

nique is useful for assessing the form and significance of

the relationship between two variables measured for the same

set of observations when one of the variables is hypoth-

esized to be dependent on the other. Regression analysis
involves Lhe estimation of an equation in which the value of

the dependent variable is contingent on the value of the

explanatory variable. This equatíon is calculated such that

the sum of the squared deviations between actual values of

the dependent variable and those predicted by the regression

equation is at a minimum.
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A separate regression analysis was performed with each of

the following structural features assuming the role of the

explanatory variable: attic insulation R-value, the presence

of an attic ventilation system, roof orientation, roof

pitch, Iot frontage, house quality and the presence of an

upper half story. In each case, roof temperature constituted
the dependent variable. This approach facilitated comparison

with previous research, in which bivariate regression anal-
ysis has been the main statisticat technique employed to

examine the relationship between roof temperature and house

structure.

The following conditions were assumed to hold in regres-

sion analysis:

1 no error in

uncor re lated

the explanatory variable;
2 error terms;

errors; and3 homoscedast ic

4 a random explanatory variable.

These conditions, if satisfied, 9uârantee no bias and max-

imum efficiency of the estimated coefficients, assuming

there are no omitted explanatory variables that are corre-
lated with the explanatory variable in the regression model.

Bias is introduced by non-compliance with the first condi-

t.ion. Non-compliance with the second and third conditions

reduces efficiency and thus may reduce the significance of

the estimated coeff icients.
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Compliance with the second condition r.¡as tested using the

Durbin-Watson statistic. A Ì^TATFIV programme (ennfnsf ) was

written for this purpose (Àppendix F). This programme also

tests for normality of the distribution of the error terms,

so as to assess the applicability of standard confidence

limits. Normality v¡as tested with the Kolmogorov-Smirnov

statistic, modified for calculation with sample estimates of

the population mean and variance (Stephens 1974).

3.4.3 MultipIe Reqression Ànalvsis

Multiple regression analysis was employed to examine the

combined effect of al1 structural features on roof tempera-

ture. This technique enabled the proportion of total varia-
tion in roof temperature accounted for by alI structural-

features to be determined. Tt facilitated measurement of

the change in roof temperature associated with a unit change

in a given feature, while controlling for the effects of aIl
other features incl-uded in the modeI. All possible models

containing between one and seven structural features were

examined in the analysis. The coefficient of determination

obtained in each of these models was then compared Lo that

obtained in the model containing all seven features using an

F-test described by Kmenta (1971, 370-71).

Multiple regression

findings of bivariate
present study and in

results were

regreSs I on

prev i ous

used to

analys i s ,

re-evaluate

both in
Prev i ous

the

the

re-research.
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searchers have clearly not recognized that sample coeffi-
cients derived with bivariate regression analysis will be

biased est imates of populat ion coef f ic ients i f a set of

intercorrelated variables affects the dependent variable
(Kmenta 1971, 394). Thus bivariate regression analysis is
not a reliable technique for assessing the precise form and

significance of the relationships between roof temperature

and features of house structure.

The four conditions assumed to hold for bivariate regres-

sion analysis were also assumed to be satisfied in multiple
regression analysis. It was also assumed that there were no

omitted expJ-anatory variables that were correlated with Lhe

explanatory variables in the regression model and. that the

matrix of explanatory variables was of full rank. The pro-

gramme ERRTEST was employed to assess the degree of correla-
tion in the error t,erms and the normality of the distribu-
tion of error terms.

3"4.4 Partial Residuals

The derivation of partial residuals from the multiple re-
gression equation is proposed as a method for reducing the

dependence of roof t.emperature on features of house struc-
ture unassociated with ceiling heat loss. The technique is

based on a method of .deriving partial residuals outlined by

Larsen and McCleary (1972). In the present study, pârtial
residuals are defined as the difference between actual temp-
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eratures and the temperatures predicted by the multiple
regression equation, given a constant value for insulation
R-val-ue f or all sampJ-e houses. By assigning a constant

value to R-va1ue, the technique serves to eliminate roof

temperature variation associated with all features in the

regression model except R-vaIue. Partial residuals therefore

represent that component of the variation in roof tempera-

ture that is unaccounted for by all features except R-value.

On the assumption that R-value is proportional to the level
of ceiling heat loss, it is hypothesized that partial resi-
duals will more accurately depict ceiling heat loss varia-
tions than roof temperature.

Successful application of this technique reguires that
aIl significant sources of roof temperature variation have

been identified and included in the multiple regression

model. Non-compliance with this assumption implies that the

effects of some structural features will not have been elim-

inated from roof temperature in the calculation of partial
residuals.

The technique also assumes that insulation R-value is
orthogonal to a1l other structural features included in the

multiple regression model. If this assumption is not met, a

portion of the variation in roof temperature accounted for

by R-value will be eliminated in the calculation of partial
residuals. In the present study, non-compliance with this
assumption was rectified using a Gram-Shmidt transformatíon.
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Each signif icant structural. feature in the model was re-
gressed on R-value. Residual values of each feature rrere

then carculated as the difference between actual and ex-
pected val.ues calcurated with the derived bivariate regres-
sion equation. In contrast to the originar varues of these

features, residual values lrere orthogonaL to R-value, as

they represented that component of the variation in the
feature that was not accounted for by R-vaLue variations.
once orthogonaLized, the features could be employed in the
carculation of partiar residuals without causing the erimi-
nation of variation in temperature associated with R-vaLue.

The next step in the carcuration of partial residuals
involved the regression of roof temperature oR insulation
R-value and the orthogonuri".o equivarents of arl signifi-
cant structural features. partial residuals (r) for each

observation were then obtained using the following equation:

- E or*t (3.2)r=Y a

r¡he re

I

= Roof temperature

= I ntercept coef f ic ient

= Slope coefficient for
feature i

orthogonal ized

Y

a

b

x t Value of orthogonalized feature i
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Coefficients used in this equation were obtained from the

multiple regression model. Insulation R-value $ras not used

in eqúat ion 3.2 to calculate partial residuals. However,

R-value was included in the multiple regression model in

order not to induce bias in the regression coefficients used

in the equation.



Chapter IV

RESULTS

The following presents the results of data analysis.

first section deals with bivariate regression analysis,

second with multiple regression analysis and the third
partial residuals.

The

the

with

4.1 BTVARIATE REGRESSTON ANALYSI S

Table 4.1 presents the results of the regression of roof

temperature on attic insulation R-val-ue. The rel-ationship is
negative, indicating that higher temperatures are associated

with lower l-eveIs of insulation. The slope coefficient is
highly significant. The coefficienb of determination (n2)

indicates that 6.0eo of the variation in roof temperature is
accounted for by R-vaLue variations. The Durbin-Watson sta-
tistic indicates that the error terms are positively corre-
lated. The modified Kolmogorov-Smirnov statistic (d) indi-
cates that the distribution of error terms is not normal in

form. Examination of the histogram of residual values sug-

gests that the distribution of error Lerms is positively
skewed. Log and semi-Iog transformations involving both roof

temperature and R-va1ue failed to produce a normal distribu-
tion or significantly increase explanatory polrer. Similar

results were obtained for square, square root and inverse

transformations of roof orientation.
48
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TÀBLE 4,1

Regression of Roof Temperature on Insulation R-Value

The computer-generated maps presented in Figures 4.1 and

4.2 illustrate the relationship between roof temperature and

insulation R-value. À negative relationship can be observed

between these two features in the study area, especially in

the older residential area east of the CPR tracks. In the

newest area, Iocated west of the tracks and north of

Jefferson Àvenue, roof temperatures are relatively low de-

spite low leveIs of insulation.

Table 4.2 presents the resuÌts of the regression of roof

temperature on the presence of an attic ventilation system,

The relationship is positive, such that roof temperatures

tend to be higher when a ventilation system is not present.

The slope coefficient is significant and the coefficient of

Coet t ic ient Est imate

Intercept 2'15.911
Slope -0.316

St a nda rd
Er ror t-Statistic Sionificance
0.261
0.087

1 058.204
-3.620

0 001
0010

R?

0.060

F-Statistic
13.103

Sioni f icance

<0.001

Durbin-t{atson
Stat!stic Sionificance

<0.051.505

d-stat i st ic

2.505

Sionificance
<0.01
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TÀBLE 4.2

Regression of Roof Temperature on Àt,tic Ventiration

determination indicates that 3.4eo of the variation in roof
temperature is accounted for by the presence of an attic
ventilation system. The Durbin-Idatson statistic indicates
that the error terms are positively correrated. The d-
statistic indicates that the distribution of error terms is
not normal in form. Examination of the histogram of residual
varues suggests that the distribution is positively skewed.

The log transformation of roof temperature failed to produce

a normal distribution or significantly increase expJ.anatory

povrer. Transformations of attic ventilation had no effect
on normality or explanatory ponerr since attic ventiLation
is a dichotomous variable.

Coefficient Estimate
Standa rd
Er ror t-Statistic

885.323
-2.694

Sioni f icance

<0.001
0.008

I ntercept
Slope

2?5.833
-0.888

0.312
0.329

R?

0.034

F-Stat i st ic

7 .259

Sioni f icance

0.008

Durbin-Watson
Stðt i st ic
1 .531

Siqnificance
<0.05

d-statistic
2.735

Siqnificance
<0.01
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The relationship between roof temperature and attic ven-

tilation is illustrated in Figures 4.1 and 4.3. À rela-
tively large proportion of those houses without an attic'
ventilation system have high roof temperatures. The propor-

tion is much lower for houses that contain this feature.

Table 4.3 presents the results of the regression of roof

temperature on roof orientation. The relationship is posi-

tive, indicating that roof temperatures are on average

higher when the roof surface faces neighbouring buildings.
The slope coefficient is significant and the coefficient of

determination indicates that 2.9e" of the variation in roof

temperature is accounted for by roof orientation. The

Durbin-Watson statistic indicates that the error terms are

positively correlated. The d-statistic reveals that the

distribution of error terms is not normal in form. Positive

skewness was observed in the histogram of residual values.

Log and semi-1og transformations involving both roof temper-

ature and roof orientation did not produce a normal distri-
bution of error terms and reduced explanatory power. Simi]ar

results vrere obtained for fh. square, square root and in-
verse transformations of roof orientation.

The relationship beLween roof temperature and roof orien-
tation is illustrated in Figures 4.1 and 4.4. In the area

east of the CPR tracks, roof temperatures are generally

higher when the roof surface faces neighbouring buildings

than when it faces the street network. Roofs facing in both
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Coefficient Estimate

I ntercept 274 . 538
Slope 0.9?O

Standa rd
Er ror t-Staristic Sionificance

<0.00 1

0.013'
0.225
0.389

1219.919
2 .495

R?

0.029

F-Statistic

6.224

Sionificance

0.013

Durbin-i.¡atson
Stât i st ic
1.571

Siqnificance
<0.05

d-stat i st ic

2.692

Sionifi.cance

<0.01
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TÀBLE 4.3

Regression of Roof Temperature on Roof Orientation

directions tend to farr between these two extremes. In the

area west of the tracks, this relationship is not so readily
apparent; silmilar roof temperatures occur regardless of the

orientation of the roof.

Table 4.4 presents the results of the regression of roof
temperature on roof pitch. The relationship is positive,
such Èhat roofs of high pitch are warmer on average than

those of 1ow pitch. The srope coefficient is highly signifi-
cant and the coefficient of determination indicates that
roof pitch accounts for 14.4eo of the variation in roof temp-

crature. The Durbin-watson statistic indicates that the

error terms are not positivery correlated. The d-statisÈic
indicates that the distribution of error terms is not normal
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Coefficient Estimate
S ta nda rd
Er ror t-Statistic Stqnificance

I ntercept
Slope

27 4 .187
1. s05

0. 104
0.2ss

2635.512
5. 908

<0.001
<0.001

R: F-Stãtistic
34.903

Siqnificance
<0.0010.144

Durbin-Watson
Statistic
1 .698

Sioni f icance

>0.05

d-statistic
2.303

Sionificance
<0.01

TÀBLE 4.4

Regression of Roof Temperature on Roof Pitch
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the histogram of

roof temperature

error terms and

in form. Positive skewness was observed

residual values. The log transformation

failed to produce a normal distribution
did not increase explanatory power.

TN

of

of

The relationship between roof temperature and roof pitch
is illustrated in Figures 4.1 and 4.5. In the area east of

the CPR tracks, a relatively Iarge proportion of houses with

roofs of high pitch have high roof temperatures. In compar-

ison, most houses with roofs of low pitch have low roof

temperatures. In the area nest of the tracks, almost all
roofs are of low pitch and therefore no relationship between

roof temperature and roof pitch is apparent.
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TabIe 4.5 presents the results of the regression of roof

temperature on the inverse of the square of lot frontage.

The relationship is positive, indicating that roof tempera-

ture varies inversely as the square of lot frontage. The

slope coefficient is highly significant and the coefficient
of determination reveals that 11.4e" of the variation in roof

temperature is accounted for by Iot frontage. The

Durbin-Watson statistic indicates that the error terms are

not positively correlated. The d-statistic indicates that

the error terms are not normally distributed. Examination

of the histogram of residual values suggests that the dis-
tribution is positivej-y skewed. Log and semi-1og transforma-

tions involving roof temperature and lot frontage did not

produce a normal distribution or significantly increase

explanatory power. Similar results were obtained for the

square, square root and inverse transformations of lot fron-
t.age.

The relationship between roof temperature and lot fron-
tage is illustrated in Figures 4.1 and 4.6. Throughout the

study area, high roof temperatures are found in association
with smalI lots, while low roof temperat,ures are more common

when lots are large.

Table 4.6 presents the results of the regression of roof

temperature on house quality. The relationship is negative,

such that roof temperature tends to be lower when house

quality is high. The slope coefficient is significant and



60

TÀBLE 4.5

Regression of Roof Temperature on Inverse of square of Lot
Frontage

the coefficient of determination indicates that house

quality accounts for 4.9eo of roof temperature variation. The

Durbin-watson statistic indicates that the error terms are
positively correlated. The d-statistic revears that the

distribution of error terms is not normal in form. positive

skewness was observed in the histogram of residual values.

The log transformation of roof temperature neither produced

a normal distribution nor increased explanatory poh,er.

The rerationship between roof temperature and house

guality is iLl.ustrated in Figures 4.1 and 4.'1 . In the area

east ot. the CPR tracks, a relatively large proportion of

houses of low guality have high roof temperaÈures. In com-

parison, houses of high quatity tend to have low roof temp-

Coefticient
Inter.cept
Sìope

Estimate
Standa rd
Er ror t-Statistic Siqnificance

213.993
2246 . 1 30

0.225
435.371

1219.814
5.159

<0.00 1

<0.00 1

R2

0.114

F-Statistic
25.616

Siqnificance
<0.001

Durbin-glatson
Slat i st ic

1 .799

Siqni f icance

>0.05

d-stat i st ic

2.524

Sionificance
<0.01
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Coefficient Est imate

276.145
-1.204

S ta nda rd
Er ror t-Stat i st ic Siqni f icance

<0.00 1

0.001
I ntercept
Sìope

0.352
0. 367

78s.468
-3.281

Rr

0.04 9

F-Stat i st ic
10.765

Sionificance

0.001

Durb:n-r'latson
Statistic Sionificance

<0.051.539

d-stat i st ic

2.859

Siqnifi.cance

<0.01

TÀBLE 4.6

Regression of Roof Temperature on House euality
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very few houses

between tempera-

eratures. I n the area lresÈ of the tracks,
are of low quality and thus a relationship
ture and quality is not apparent.

Table 4.7 presents the resurts of the regression of roof
temperature on the presence of an upper half story. The

rerationship is positive, indicating that roof temperature

tends to be higher when the house contains an upper harf
story. The slope coefficient is significant and the coeffi-
cient of determination indicates that the presence or ab-

sence of an upper half story accounts for 12.7eo of the vari-
aÈion in roof temperature. The Durbin-t{atson test is incon-

clusive. The d-statistic indicates that Èhe distribution of

error terms is not normal in form. positive skewness was
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Coefficient Estimate
Standa rd
Er ror t-Statistic Siqnit icance

Intercept
Slope

2?4.8 1 5
1.{64

0.104
0.261

2631 .799
5.485

<0.001
<0.001

Rr

0.121

F-Statistic

30.085

Sioni f icance

<0.001

Durbin-Watson
Statist!c Siqnificance

i nconc I us i ve1.675

d-statistic
2 .352

Sionificance
<0.01

64

TABLE 4.7

Regression of Roof Temperature on Presence of an Upper Half
Story

observed in the histogram of residual val.ues. The log trans-
formation of roof temperature did not produce a normar dis-
tribution or increase expJanatory power.

The relationship between roof temperature and the pres-

ence of an upper half story is illustraÈed in Figures 4.1

and 4.8. In the area east of the CPR tracks¡ â relatively
large proportion of houses with an upper half story have

high roof temperatures. In comparison, houses without this
feature more frequently have low roof ÈemperaÈures. In the

area west of the tracks, a relaLionship between these two

features is not apparentr âs few houses contain an upper

half story.
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4.2 MULTIPLE REGRESSTON ANALYS] S

Tab1e 4.8 presents the results of multiple regression anal-

ysis. The signs of the slope coefficients for all seven

structural features are in accordance with expectations and

agree with the results of bivariate regression analysis.

However, three features are highly insignificant in the

multiple regression model: aLtic ventilation, roof orienta-
tion and the presence of an upper half story. The coeffi-
cient of determination indicates that the seven features

combined account for 28.8>" of the variation in roof tempera-

ture. The Durbin-Watson statistic indicates that the error
terms are not positively correlated. The d-statistic indi-
cates that the error terms are not normally distributed.
Examination of the histogram of residual values suggests

that the distribution is positively skewed. The log trans-
formation of roof temperature neither produced a normal

distribution nor increased explanatory povrer.

Examination of all models containing between one and

seven features revealed that as long as insulation R-va1ue,

house quality, the inverse of the square of lot frontage and

either roof pitch or the presence of an upper half story

were included in the model, all other features could be

excluded without signi f icantly reduc ing explanatory power.

¡leither insulation R-value nor house quality nor the inverse

of the square of lot frontage could be removed from the

model without a significant reduction in explanatory povrer.
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TÀBLE 4.8

Multiple Regression Results Q Features)

Expranatory polrer h'as also reduced if roof pitch and the
presence of an upper half story were simultaneously removed;

however, removal of only one of these two features did not

significantry reduce explanatory power if the other feature
remained in the model. rn arl moders containing both roof
pitch and the presence of an upper half story, the JatÈer

feature nas consistently insignificant.

For all models examined, the lowest cp statistic ¡ras

observed for the four-feature moder containing insulation
R-value, roof pitch, house quality and the inverse of the

square of lot frontage. The cp sÈatistic indicates a rela-

Coefficient

I ntercept
Insulation R-value
Àttic ventilation
Roof orientation
Roof pi tch
I /Uot t rontage ?

House quality
Upper half story

Est imate
Standa rd
Error t-Statistic Siqnificance

275. 54 9
-0.294
-0.054
0.270
0.934

1 426 .1 09
-0.719
0.320

0.525
0.080
0.313
0.357
0. s09

439.946
0.306
0 .524

525 . 1't 9
-3.673
-0.173
0.756
1.834
3.243

-2.077
0.611

<0
<0

0
0
0
0
0
0

.001

.001

.863

.451

.068

. 001

.039

.542

Rz

0.28s

F-Statistic
11.430

Sionifícance
<0.001

Durbin-tlatson
Stâtistrc
1.842

S!on:ficance

>0.05

d-stat istic
1 .684

Sionificance
<0. 01
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tively favourabl-e trade-off between explanatory power and

the number of. features in the model. The four features iden-

tified correspond to those features that are not highly

insignificant in the original seven-feature model (table

4.8)

Table 4.9 presents the results of regression analysis for

the four-feature mode1. Atl features are significant and the

signs of the slope coefficients conform to expectations. The

coefficient of determination indicates that the four fea-

tures combined account for 28.1e" of the variation in roof

temperature. This percentage is not significantly different
from that obtained in the original seven-feature model (p =

0.778). The Durbin-Watson statistic indicates that the error
terms are noL positively correlated. The d-statistic re-

veals that the distribuLion of error terms is not normat in

form. Examination of the histogram of residual values sug-

gests that the distribution is positively skewed. The log

transformation of roof temperature failed to produce a

normal distribution or increase explanatory po$¡er.

Ðue to the presence of dichotomous explanatory variables

in the regression model, tests of significance are not nec-

essarily robust against non-normality of the error terms"

Until a normat distribution of error terms can be obtained,

either by a transformation of roof temperature or measure-

ment of the explanatory variables in continuous units, the

significance of Lhe explanatory variables remains in doubt.

More research is required to rectify this problem.



Coefficient
I nte rcept
I nsul.at ion R-value
Roof pj rch
1/LoL trontage?
House qual i ty

Estimate

275.107
-0.306

1.206
1487.090

-0.782

Standa rd
Er ror t-Statistic

626. 599
- 3. 964
{.907
3.523

-2.313

Siqni f icance

<0.001
<0.001
<0.001
<0.001
0.019

0.440
0.077
0.246

422 .051
0.330

R2 F-Statistic
1 9. 909

Sionificanee

<0.0010 . 281

Durbin-t{atson
Stâtistic
1.839

Siqni f icance

>0.05

d-statistic
1 .759

Siqnificance
<0. 01

4.3 PARTIAL RESIDUALS

Partial residuals yrere

model presented in Table
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calculated from the four-feature
4.9. The Gram-Shmidt transformation

TÀBLE 4.9

MultipJ.e Regression Results (+ Features )

correlation coefficients were obtained for all pairs of
st\ructural features to assess the effects of intercorrera-
tion on the regression results. The correlation matrix is
presented in Tabl.e 4.10. Examination of the matrix reveals
that roof pitch and the presence of an upper harf story are
the most highry correrated structural features in the data
set (r = 0.877). In addition, attic ventiration and roof
orientat,ion are both significantry correlated with most of
the other features in the data set.



Attic
vent i 1ât ion

Roof
or ientat ion

Roof
pi tch

1 /Lot
f rontage 2

House
quality

Upper
story

0.179*

-0.173*

-0.013

0 .020

0.059

-0.004

I nsulat ion
R-vaIue

-0.128

-0.139*

-0.1 79*

0.297*

-0.201*

Att ic
vent i 1at ion

0.045

0.237*

-0.115

0.075

Roof
or ientat ion

0.289*

-0.054

0.877*

-0.212*

0.230*

1/r,ot
f rontage 2

-0.117
half

Roof
pi tch

House
quality

significant at <0.05

TÀBLE 4.1 O

Correlation Matrix
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$ras performed to orthogonarize roof pitch, house qua).ity and

the inverse of the square of lot frontage relative to insu-
rat ion R-va1ue. Roof temperature tras then regressed on

R-value and the Èhree orthogonarized features. partial resi-
duals were calculated with equation 3.2.

Às hypothesized, the correlation between partial resi_
duars and insulation R-vaLue (r = -0.277) rras found to be

higher than that between roof temperature and insulation
R-varue (r = -0.244). The difference between these two

correlation coefficients eras evaruated with a t-test de-
scribed by Ferguson (1959, 1s4-55). The test indicated that
the difference lras not highly significant (1-tailed p =

0.154).



Chapter V

DI SCUSS] ON

Bivariate regression analysis revealed significant relation-

ships between roof temperature and each of the seven struc-

tural features examined in the study. A negative relation-

ship was observed between roof temperature and attic insula-

tion R-value. This finding is in agreement v¡ith those of

Lawrence, Ellis and Smith (1978), Hathout (1980, 1981),

Brown , Cih1ar and Teillet ( 1 981 ) and Treado and Burch

(1981)" In the present study, R-value was observed to ac-

count for 6.0e" of the variation in roof temperature. This

f inding agrees with Brown, cihlar and Teillet ('1981), who

found that R-value accounted for between 1 .0 and 1 1 .0e. of

apparent roof temperature variation, depending on house

style. Lawrence, EIlis and Smith (1978) found that up to

69.0e" of the variation in apparent roof temperature was

accounted for by insulation thickness. The higher leve1 of

explanatory por.Ier achieved in thei r study, however , i s in

part attributable to the fact that the researchers excluded

all houses with anomalous features from the sample.

In the present study, the relationship between roof temp-

erature and insulation R-va1ue was also examined on

computer-generated maps of the sample houses. These maps

72
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showed a tendency for houses with low levels of insulation

to have high roof temperatures, especially in the older

parts of the study area. Substantial temperature variation
was observed for houses with similar leveIs of insulation.
The latter finding suggests that features other than R-value

also have a significant effect on roof temperature. Thus,

roof temperature does not consistently portray variations in

the IeveI of attic insulation present in residential build-
ings.

Bivariate regression analysis al-so revealed a significant
negative relationship between roof temperature and the pres-

ence of an attic ventilation system. Houses containing a

ventilation system thus have roof temperatures that are

fower on average than those of houses without this feature.

This relationship vras also observed in the compuLer-

generated maps of these two features. This finding agrees

with those of Brown, Teillet and Cihlar (1978) and Brown,

Cihlar and Tei Ilet ( 1 981 ) . These researchers found that

attic ventilation reduces the amount of interior heat

reaching the roof surface and thus tends to lower roof temp-

erature.

In the present study, the presence of an attic ventila-
tion system was observed to account for only 3.4eo of the

variation in roof temperature. In contrast, Brown, Cihlar

and Teillet (1981) found that up to 23.0>" ot the variation
in apparent roof temperature was accounted for by the rate
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of attic ventilation. The discrepancy between these find-
ings can be ascribed in part to the fact that attic ventila-
tion was measured as a dichotomous variable in the present

study, taking values of '1 and 0 to denote the presence or

absence of a vent,ilation system. Houses classified as having

a ventilation system, however, may exhibit significant vari-
ations in attic ventilation rate that affect roof tempera-

ture. Such variations may arise from the physical charac-

teristics of the ventilation system, including Lhe type,

number , síze , locat ion and operat ing ef f ic iency of the

vent s .

As Brown, Cihlar and Teillet (1981) observed, the rela-
tionship between roof temperature and attic ventilation is
also highly dependent on environmental conditions such as

wind speed and direction. They found that attic ventitation
has a significant effect on roof temperature only when wind

speed is relatively high (ie., greater than 10 to 15 Xm/hr).

Under such conditions, the rate of air exchange from the

att.ic varies according to the physical characteristics of

the ventilation system. At lower wind speeds, differences in

system characteristics cause no significant changes. in roof

temperature, due to the fact that the rate of air exchange

from the attic remains relatively constant. In the present

study, thermographic data were col-Iected during a period of

relatively low wind speed (11 kn/lnr), which suggests that
attic ventilation rate may have had a minimal effect on roof

temperature.
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Bivariate regression analysis revealed significant
relationships between roof temperature and three features

associated with the amount of incident radiation received by

the roof: roof orientation, roof pitch and lot frontage. A

positive relationship was observed between roof temperature

and roof orientation. Thus, roof temperature is higher on

average when the roof surface faces neighbouring buildings.

This relationship was also observed in the computer-

generated maps of these two features, especially in the

older residential area. Similar results were obtained by

Hathout (1980, 1981).

Roof pitch was also found to be positively related to

roof temperature. Roof temperatures are therefore higher on

average for roofs of high pitch. Computer-generated maps

revealed that this relationship was most apparent in the

older residential area, since most houses in the newer area

had roofs of low pitch. Hathout (1980, 1981) and Brown,

Cihlar and Teillet (1981) also observed a positive relation-

ship between roof temperature and roof pitch. The latter
researchers found that roof pitch accounted for approxi-

mately 11eo of the variation in apparent roof temperaturen

The percentage was higher in the present study, ât 14.4e".

A positive relationship was also observed between roof

temperature and the inverse of the square of lot frontage.

Various transformations of Iot frontage failed to increase

explanatory povrer, indicating that roof temperature varies



inversely as the square of the distance

The relationship between roof temperature

was observed in maps of the study area;

lots v¡ere more frequently found to have

tures.
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between buildings.

and Iot frontage

houses with smaIl

high roof tempera-

The significance of roof orientation, roof pitch and lot
frontage in bivariate regression analysis agrees with the

results of Tanis and Sampson (1977). These researchers

found that by accounting for these three features, estimates

of relative Ievels of ceiling heat loss for residential
buildings could be obtained from thermographic data. In

their study, the features were incorporated into a single

index of roof exposure. This approach recognizes explicitly
that these features do not operate independently, but in-
stead have an interactive effect on the amount of incident

radiation received by the roof. Hence, formulation of an

interactive variable in the present study may have signifi-
cantly increased explanatory power.

Bivariate regression analysis reveal-ed a negative rela-
tionship between roof temperature and house quality, indi-
cating that temperatures are on average lower for houses of

high quality" This relationship was also observed in the

computer-generated maps, especially in the older area. This

finding is not directly comparable to previous research,

since no researchers have examined the relationship between

roof temperature and house quality. However, Lawrence, EI1is
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and Smith (1978), Hathout (1980, 1981) and Brown, Cihlar and

Teillet (1981 ) observed a significant positive relationship

between roof temperature and house age. This relationship
$ras variously attributed to differences in attic insulation

leveIs, attic ventilation system characteristics and other

structural features in houses of different äges. On the

assumption that house quality generally declines with ad-

vancing ê9e, similar differences are like1y to be observed

in houses of different quality.

À significant positive relationship was observed between

roof temperature and the presence of an upper half story in

bivariate regression analysis. Thus, houses with an upper

half story tend to have higher roof temperatures than those

without this feature. This relationship v¡as apparent in the

computer-generated maps of the two features, especially in

the older area where houses with an upper half story were

more prevalent. A similar relationship between roof tempera-

ture and the presence of an upper hal-f story was observed by

Lawrence, EIl i s and Smi th ( 1 978 ) and Brown , Cihlar and

Teillet (1981). The former group of researchers found that

apparent roof temperatures of one-and-a-ha1f story houses

vrere generally higher than those of bungalows or split-leveI
houses. The latter group of researchers found that one-and-

a-half story houses generally had higher apparent roof temp-

eratures than bungalows. This relationship may be attributed

to variations in the amount of convective heat loss from
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taller buildings, lower level-s of insulation in the walls

and sloping ceilings of the upper story, oy lower attic
ventilation rates due to compartmentalization of the attic
air space. Alternatively, the relationship may arise from an

increase in the amount of incident radiation received by the

roof, due to the presence of roof dormers and a roof of high

pitch needed to ensure sufficient living space on the upper

story of the house.

While all seven structural features were significant in

bivariate regression analysis, three features v¡ere found to

be highly insignificant in the initial multiple regression

model: attic ventilation, roof orientation and the presence

of an upper half story. Tt lras found that attic ventilation
and roof orientation could be removed from the model without

significantly reducing explanatory power. Correlation anal-
ysis revealed Lhat these two features were significantly
correlated to most other features in the model. The exis-
tence of these correl-at i ons made i t di f f icult to separate

the individual effects of attic ventilation and roof orien-
tation. These features may in fact have no significant ef-
fect on roof temperature, in which case their observed sig-
nificance in bivariate regression analysis is atLributable
to their correlation with other structural features.

Conversely, they may be significant, but not account for any

additional temperature variation not accounted for by the

features with which they are correlated.
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It was observed that the presence of an upper half story

could be removed from the multiple regression model without

a signif icant loss of explanatory por{er as long as roof

pitch remained in the model. If roof pitch was removed, the

presence of an upper half story could not a1so be removed

without causing a significant reduction in explanatory

power. These findings can be attributed to the high correla-
tion existing between these two features. There is a close

correspondence in the sample houses between the presence of

a roof of high pitch and the presence of an upper half
story. Presumably, a roof of high pitch is required to pro-

vide sufficient Iiving space on the upper half story of the

house.

Examination of alternative regression models revealed

that in models containing both roof pitch and lhe presence

of an upper half story, the latter feature vlas consistently
insignificant. This observation suggests that the inclusion

of the presence of an upper half story in the model is re-

dundant if the model already contains roof pitch. However,

the high correlation between these two features makes it
difficult to separate their individual effects and establish
reliably the significance of each feature.

Truncation of the multiple regression model- to include

only f our f eat,ures, insulation R-value, roof pitch, house

quality and the inverse of the square of lot frontage, did

not significantly reduce explanatory power relative Lo the
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original seven-feature model. The coefficient of determina-

tion for the truncated modeL was 0.281. This model had the

highest coefficient of determination of aIl four-feature

models and the highest Cp statistic of all possible subsets

of between one and seven features. The Cp statistic indi-
cated a relatively favourable trade-off between explanatory

pov¡er and the number of features included in the model. In

contrast to the original seven-feature model, all features

in the truncated model were significant. It was concluded

that attic ventilation, roof orientation and the presence of

an upper half story did not contribute significantly to

explanatory power once the other four features were included

in the model.

Comparison of the original and truncated models indicated

that the standard errors of aIl regression coefficients in

the truncated modeL were reduced relative to those in the

original seven-feature model. This phenomenon resul-ts from

the elimination of intercorrelated features, the presence of

which tends to induce upward bias in the standard errors
(Chiswick and Chiswick 1975, 189). Thus elimination of such

feaLures in the truncated model in effect made the regres-

sion coefficients more precise estimates of population coef-

ficients"

Multiple regression analysis also facilitated the deriva-
tion of partial residuals from the regression equation. Às

hypothesized, the correlation between partial residuals and
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insulation R-va1ue was higher than that between roof temper-

ature and insulation R-value. This difference v¡as not, how-

ever, statistically significant. This evidence does not

support the hypothesis that partial residuals are a more

precise index of ceiling heat loss than roof temperature,

due to a reduction in the effects of house structure. This

conclusion is contingent on the assumption that ceiling heat

Ioss var iat ions are accurately portrayed by insulat ion

R-vaIue.

Lack of a significant difference can be attributed to the

low explanatory povrer of the multiple regression model. À

Iarge proportion of the variaLion in roof temperature re-

mains unaccounted for by the features included in the model"

Partial residuals are therefore dependent on these sources

of temperature variation, indicating that the effects of

house structure have not been completely eliminated in the

calculation of partial residuals.



Chapter VI

CONCLUSI ON

In the present study, the relationship between house struc-
ture and thermographic measurements of roof temperature were

examined for a sample of houses in a residential district of

Winnipeg. The main objectives were: to identify structural
features of residential buildings that have a significant
effect on roof temperature; and introduce a simple method

for reducing the effects of house structure on roof tempera-

Lure. The application of aerial thermography to ceiling
heat loss estimation in residential buildings is based on

the premise that roof temperature is determined primarily by

the level of ceiling heat loss. However, research has re-

vealed that structural features introduce variations in roof

temperature that are unrelated to the level of ceiling heat

Ioss. Consequently, roof temperature does not accurately
portray ceiling heat loss variations among residential
buildings.

Previous research indicaLes that roof temperature varia-
tions arise primarily from three sources: the level of

ceiling heat Loss, the rate of heat dissipation through the

attic vents and the amounL of incident radiation received by

the roof" Temperature variations may also arise from differ-
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ences in house age and style and the presence

roofing materials or structural characteristics.
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of anomalous

Seven features of house structure hrere examined in the

present study: attic insulation R-vaIue, the presence of an

attic ventilation system, roof orientation, roof pitch, lot
frontage, house quality and the presence of an upper half

story. Insulation R-value vras assumed to be proportional to

the 1evel of ceiling heat loss. The presence or absence of

an attic ventilation system indicated whether or not heat

dissipation from the attic would occur. Roof orientation,
roof pitch and lot frontage vrere hypothesized to affect the

amount of incident radiation received by the roof. House

quality v¡as proposed as a surrogate measure of house age and

assumed to reflect variations in the structural characteris-

tics of houses of different ages. The presence of an upper

half story was assumed to be associated with variations in

both conductive and convective heat loss, attic ventilation
and the amount of incident radiation received by the roof.

Bivariate regression analysis reveal-ed a significant
relationship between roof temperature and each of the seven

features examined. AtI relationships were of the form hy-

pothesized to exist and were in agreement v¡ith previous

research. Positive relationships were observed for roof

orientation, roof pitch, the inverse of the sguare of lot
frontage and the presence of an upper half story. Negative

relationships v¡ere observed for insulation R-value, attic
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ventilation and house guality. Thus higher roof temperatures

vrere found to be associated with the following features:

l-ower levels of attic insulation, the absence of an attic
ventilation system I a roof that faced neighbouring build-

ings, a roof of high pitch, the presence of a narrow lot,

Iow house quality and the presence of an upper half story.

These relaLionships were also observed in computer-generated

maps of the study area.

Although all seven features v¡ere significant in bivariate
regression analysis, three features were highly insignifi-

cant in the initial multiple regression model: attic venti-

lation, roof orientation and the presence of an upper half

story. Roof orientation and attic ventilation were found to

be significantly correlated with most other features in the

mult iple regression model. I t \.¡as thus di f f icult to separate

the individual effects of these two features. Similarly,

the individual effects of roof pitch and the presence of an

upper half story could not be clearly established, as these

two features were highly correlated. Examination of alterna-

tive regression models suggested that the inclusion of Lhe

presence of an upper half story in the model was redundant

if the model already contained roof pitch. However, it could

not be concluded that a significant relationship did not

exist between roof temperature and the presence of an upper

half story, since this relationship could have been masked

by the correlation between this feature and roof pitch.
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The truncated mulLiple regression model contained only

four features: insulation R-va1ue, roo'f pitch, house quality
and the inverse of the square of lot frontage. The coeffi-
cient of determination for this model, 0.281 , vras not sig-
nificantly l-ower than that obtained in the original seven-

feature model. It vras concluded that attic ventilation, roof

orientation and the presence of an upper half story did not

add significantly to explanatory power if the other four

f eatures r.Iere included in the model.

Results of multiple regression analysis necessitated

re-evaluation of the conclusions based on the resuLts of

bivariate regression analysis. Due to the existence of

correlations between structural features, it could not be

concluded that a1l features observed as significant in bi-
variate regression analysis vrere in fact significantly re-
lated to roof temperature. If the dependent variable in a

regression model is affected by a set of intercorrelated
explanatory variabl-es, the regression coefficients obtained

with bivariate regression analysis will be biased estimates

of population coefficients. It is therefore probable that in

previous research, biased estimates of the effects of indi-
vidual structural features were obtained, due to Lhe reli-
ance on bivariate regression anaLysis as the primary statis-
tical technique employed in data analysis.

In the

the

present

mult iple
study, derivatíon of partial residuals

regression equation was proposed as af rom
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method of reducing the dependence of roof temperature on

features of house structure unrelated to ceiling heat loss

variations. The technique elimiirates that component of the

variation in roof temperature associated with aIl features

in the regression model except insulation R-value. On the

assumption that R-val-ue accurately portrays differences in

the leveI of ceiling heat loss, partial residuals should

reflect variations in the leve1 of ceiling heat loss more

accurately than roof temperature.

Às hypothesized, the correlation between partial resi-

duals and insulation R-value vras higher than that between

roof temperature and insulation R-value. The difference,

howeverf itras not statisticaJ-1y significant. Lack of a sig-
nificant difference was attributed to the low explanatory

povrer of the mult iple regression model . Less than 30e" of the

variation in roof temperature v¡as accounted for by the four

features in the model. Hence, pârtiaI residuals vrere stil1
dependent on sources of temperature variation not identified
in the present study.

Additional research is needed to address the shortcomings

of the present study and increase confidence in the results.

SpecificalIy, the problem of low explanatory power and in-

tercorrelation should be addressed. Low explanatory povter

indicates that much of the variation in roof temperature is

unaccounted for by the features included in the regression

model. This phenomenon may be caused by a number of factors.
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Relevant explanatory variables may have been inadvertantly
omitted, due to lack of understanding of all relationships
involved. Thus exploratory analysis may prove useful in

identifying additional structural features that have a sig-
nificant effect on roof temperature. Locat variations in

topography and wind speed and direction may also prove to be

signif icant. Differences in sensor viewing angle associated

with the interaction between roof orientation, roof pitch
and the distance between the target house and the flight
line of the aircraft may introduce variations in the amount

of radiation received by the IRLS.

It is also possible that low explanatory povrer resulted

in part from the measurement of certain continuous vari-
ables, including attic ventilation and roof pitch, âs dicho-

tomous variables. It has been noted that the empirical rela-
tionship between two variables is altered by the selection

of cutpoints to facilitate dichotomization (¡talock 1964,

33). However, measurement of structural features operation*

ally on a continuous scale may prove to be too difficult,
costly, or time-consuming, making dichotomization a require-
ment of data collection.

A third cause of low explanatory povrer in the present

study derives from the measurement of roof temperature from

photographic slides of sliced thermographs. This measurement

technique may have introduced error into roof temperature

measurements due to distortions ín roof area induced by the



B8

various devices employed to photograph and display the ther-
mographs. In addition, actual variations in roof temperature

exist within each temperature range delimited by the colours

on the thermographs. The use of sliced thermographs thus

tends to mask roof temperature variations among houses" An

effort should be made to use digital image analysis to

measure roof temperature whenever the requisite resources

for such analysis are available.

The second problem identified in the study, intercorrela-

tion, pr€sents a unique problem in data analysis because it

increases the difficulty of separating the individual ef-
fects of all structural features. High correlations between

two or more explanatory variables in the regression model

thus reduce the reliability of choosing between alternate

models. Due to the possibility of intercorrelation exisLing

in the data set, bivariate regression analysis is not a

suitable statistical technique for examining the relation-

ship between roof temperature and house structure.

In the present study, intercorrelation was observed to

resul,t from limited structural variation in the sample

houses. Certain combinations of structurat features were

observed to occur far more frequently than others in the

sample. The maximum number of unique combinations of struc-

tural features is equal to the product of the number of

unique values for each structural feature. Grouping insula-

tion R-vaLue and lot frontage into three classes each, the
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total number of unique combinations is therefore 432. This

value indicates that it is possible for each house in the

sample to exhibit a unique combinat ion of features.

However, only 49 different combinations were observed in the

entire sample, while in 87eo of the sample, ot 180 houses,

only 20 un,ique combinations vrêre observed.

One possible solution to the problem of intercorrelation
involves the use of an alternative sampling strategy to that

employed in the present study. One alternative is random-

stratified sampling, in which the same number of observa-

tions is selected from each unique combination of structural
features. This method of sampling would reduce intercorre-
lation but require the collection of a very large sample

even if only a relatively small number of features was exam-

ined. Moreover, the approach assumes that all features can

be non-arbitrarily classified into two or more discrete
groups to facilitate sample selection.

Reducing the degree of intercorrelation and increasing

explanatory povrer would facilitate employment of the tech-

nique described in the study for obtaining partial residuals

from the regression model. Successful application of this
technique would enable partial residuals to be employed as

an index of the level of ceiling heat loss in place of roof

temperature. Partial residuals for the entire population of

interest could be .obtained from the multiple regression

equation derived from a sample of houses. This would im-
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prove the reliability of aerial thermography as a diagnostic

tool for rapidly evaluating ceiling heat loss conditions in
a residential area or estimating relative levels of heat

l-oss f or individual houses.



Appendix A

QUESTI ONNÀI RE

Iestablish contact with homeowner. ]

THIS iS CALLING FROM THE UNIVERSITY OF
MANITOBA. I ÀM CONDUCTING À TELEPHONE SURVEY TO
COLLECT INFORMÀTION FOR À STUDY ON INSULÀTION
CONDITIONS IN YOUR AREÀ. WOULD YOU BE WILLTNG TO
ÀNSWER SOME QUESTIONS ÀBOUT INSULÀTION LEVELS IN
YOUR HOME?

NO YES

I I
terminate cont i nue

A NUMBER OF GOVERNMENT INSULATION PROGRAMMES EXIST
THAT CÀN BE USED BY HOMEOWNERS TO REDUCE THE COST
OF ADDING INSULATION.

(1)ene you FAMTLIAR WITH cHrp, THE CANADÀ HoME
INSULATION PROGRAM?

YES

(2)ene YoU FÀMILIÀR wITH MHILP, THE MANIToBA HoMEowNERS'
INSULATION LOAN PROGRÀMME?

NO YES

)enn you FÀMrLrÀR wrrH cHRp, THE CÀNADÀ HoME
RENOVATiON Pi,EN?

YES

't

(

NO
,t

91
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ALL NO ÀNY YES

I
6

(4)HAVE you EvER MÀDE use oF ÀNy oF THESE pRocRÀMMES To
UPGRADE INSULATION LEVELS IN YOUR PRESENT T¡OUU?

16 NO YES

(S)wHrcH pRocRÀMME wÀS rr cHIp, MHILP, oR cunp?
OR DID YOU MÀKE USE OF MORE THAN ONE?

(6)wHeN DID YoU MÀKE UsE oF rt?

(7)uNoen rHIS pRocRÀMME, wAS INSULÀTIoN INSTÀLLED
INTO THE ATTIC OF YOUR HOME?

21 NO

J
4

\- s

( )wHet KIND oF INSULÀTioN gtAs tNster.r,no?

(9)BEFoRE you MÀDE usn oF THE eRoGRAMME, wÀs IHERE
ALREÀDY INSULÀTION IN THE ¡TtTC?

13 < No YES

(10)wHer KIND oF TNSULATIoN wAs rHgRe?
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(11)WHEN WÀS THIS ]NSULÀTION INSTÀLLED?

(12)WHEN THE,NEw INSULATIoN T^IAS INSTÀLLED, wAS ITpLÀcED ON TOp OF THE EXISTING INSULATION, OR
WÀS THE EXISTING INSULÀTION REMOVED?

ON TOP REMOVED

I
3(l )oOps YoUR HoUSE HAVE ÀTTIc vents?

TermÍnate +-- NO YES

(14)WERE THE VENTS INSTALLED UNDER THE PROGRÀMME, OR
WERE THEY INSTALLED PREVIOUST.Y?

Terminate + PROGRAMME PREVI OUSLY

(1s)WHEN WERE THE VENÎS INSTÀLLED?

Te rmi na te

(16)15 THERE PRESENTLY INSULÀTION IN THE ÀTTIC OF YOUR
HOME?

19 YES

(l )wHet KrND oF INsULÀTIoN rs IT?

( 18 )wHEN T.rÀs IT INsTÀLLED?

NO
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(19)DOES YOUR HOUSE HÀVE ÀTTIC VENTS?

Terminate 

-- 
NO YES

(20)WHEN WERE THE VENTS INSTÀLLED?

Terminate <-

(21)IS THERE PRESENTLY INSULÀTION IN THE ÀTTIC OF YOUR
HOME?

13 NO YES

(22)WHÀT KIND OF INSULÀTION TS iT?

(23)w¡rnN wes IT INSTALLED?

'13

THOSE ARE ÀLL THE QUESTION I HÀVE. THÀNK YOU FOR
YOUR TIME ÀND COOPERÀTION.



Àppendix B

DATA

OBS = Observation number

RT = Roof temperature ('n)

RINS = R-Value of attic insulation
AV = Attic ventilation (O = absent; 1 = present)

RO= orientation (0.0 = faces street network;
= faces both directions;
= faces neighbouring buildings)

RP = Roof pitch (O = 1ow; .l = high)

FR = Lot frontage (feet)

HQ = House quality (0 = Iow; 1 - high)

UHS = Upper half story (O = absent; '1 = present)

OBS RT RINS AV RO RP FR

Roof
0.5
1.0

HA UHS

1

2
3
4
5
6
7
I
9

10
11
12
13
14
15
16
17
18
19
20
21

27 4.00
27 4.02
273.58
273.94
27 3 .61
27 4 ,14
27 4.06
273.28
273.92
273.96
27 4 "25273.52
27 4.21
273 .7 4
27 4 .65
275.24
27 4 .57
27 3 .60
27 5 .14
27 4 .37
273.97

2.90
2 .40
2 .40
2 "902.90
2 .40
2 .40
6 " 00
2 .40
2.40
2 .40
2.40
2"40
3.70
2.40
2 .40
2 .40
2.40
2 .40
2"40
2,90

1

1

1

1

1

1

1

1

0
1

1

1

1

1

1

1

1

1

1

1

1

0.0
0.5
0.0
0"5
0.0
0"0
1"0
0.5
0.5
0.5
0.5
1.0
0.5
0.5
0.5
0.5
1.0
0.5
0.5
0.5
0.5

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

55.07
55.00
55.00
50.00
50.00
s0.00
55.00
55"00
55.00
s3.00
s3.00
55.00
ss.00
55.00
57.00
s7.00
55.00
5s.00
55.00
55.00
5s.00

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
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22
23
24
25
26
27
28
29
30
31
32
)a
JJ

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

27 4.58
27 4 .59
27 3 .44
27 3 .25
27 4 .38
27 4 .35
27 4 .02
273.74
27 4 .86
273.32
27 4 .05
272.95
272 .49
27 4 .62
27 4 .82
277.04
27 4 .77
27 4.58
27 4 .64
274.70
27 4.25
275.00
27 5 .45
27 4 .51
277 .90
275.11
27 4 .84
27 6.75
27 4 .60
27 6 .39
278 "07
27 4 .40
27 4.23
274.74
277.49
27 4 .88
27 4 .66
27 3 .71
27 5 .01
27 4.53
27 4 .64
27 6 "99
27 5 .22
274.72
275.02
277 .52
27 4 .17
27 4 .48
27 5 .10
275.90
275.3s
27 4.53
27 4 .32
273.89
273.26

2.90
2 .40
5 " 40
2 .40
2 .40
2 .40
2 .40
2 "902.90
2 .40
2 .40
2"40
2 .40
2 .40
2 .40
2 .40
2 .40
2.90
0.00
2.90
6.10
2.90
2.40
2.40
2.40
2"40
2.90
2.40
3.00
2.90
2 "90
3.70
2 .40
2 ,40
2 .40
3.00
2 .40
5.30
2 .40
3"70
2.40
2.90
2 .40
2.40
2.40
0.00
4.80
3.70
2.90
2.90
2 .40
3.70
5.70
3.00
3.00

0.5
0.0
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
1.0
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.s
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.0
0.5
0.5
0"5
1.0
0.5
0.s
0.5
0,5
0.5
0"5
0.0
0.5
0.5
1.0
1.0
1.0
0.5
0.0
0,5
0.0
0.5
0.5

55.00
55.00
55.00
55,00
55.00
55.00
55.00
52.71
58.60
69.00
55.00
55.00
50.00
55.00
s5.00
58.00
58.00
55.00
55.00
55.00
55.00
59.00
s9.00
s9.00
59.00
55.00
55.00
55.00
55.00
s5.00
s5.00
55.00
60.00
55.00
50.00
37.50
40.00
44.00
50.00
55.00
55.00
55.00
55.00
55.00
45.00
s0.00
s0.00
30.00
75.00
45.00
s0.00
56.50
s0.00
60.00
60.00
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77
78
79
80
81
82
83
84
85
86
B7
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
'1 04
105
106
107
108
109
110

273
273
273
274
273
274
272
272
274
275
274
275
275
274
278
274
274
275
274
274
273
274
274
273
272
274
273
277
274
273
274
275
-t1)L'J

274
274
274
274
275
276
274
274
275
276
277
274
273
274
274
273
278
274
274
274
274
274

.11

.85

.84))

.JJ

.95

.12

.87

.75

.39

.00

.49

.31

.30
,14
.12

a)

.56

.14

.17

.63

.34

.19

.34

.34

.59

.00

.46

.01

.67

.70

.26

.00

.71

.31

.45

.19

.84

.02

.70

.05

.39

.03

.08

.75

.67

.63

.70

.04

.95

.76

.72

.55

.43

.32

.70

2 .40
2.90
2.40
2.40
2.40
2 .40
2.90
2.40
5.40
2.40
2.40
2.40
0.00
2.40
2.40
5.10
2 ,40
2 .40
2 .40
2.90
6.60
2 .40
2 .40
2 .40
2 .40
2,40
2 .40
2 .40
2 .40
2 .40
2 .40
2 .40
2.40
2.90
5.40
2.40
2 .40
2.40
2.90
5.90
2.40
2 .40
2.40
2 .40
0.00
2 .40
0.00
2.7 0
2.90
2 .40
2 .40
5.30
3.70
2.40
2.40

11
11
11
11
1'1
.1 

1

11
11
11
12
12
12

1

2
3
4
5
6
7
I
9
0
1

2

55.00
55.00
60.00
55.00
55.00
60.00
55.00
55.00
60.00
55.00
57.00
58.00
60.00
70.00
57.00
55.00
70.00
5s.00
55.00
30.00
50.00
50.00
48.00
54.00
s0.00
49 .13
49 .13
50.00
53.00
s0.00
s0.00
50.00
46.00
45.00
45.00
45.00
45.00
44.00
33.00
50.40
50.00
57.00
50.00
75.00
40.00
40.00
45.00
45.00
45.00
84.35
40.00
45.00
45.00
s0.00
45.00

123
124
125
126
127
128
129
130
131
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132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
.1 50
151
152
153
154
155
1s6
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186

277
274
274
276
276
274
275
278
274
274
275
277
280
275
278
274
278
274
274
274
276
274
276
275
274
276
276
278
275
274
274
274
275
274
278
274
274
276
273
274
274
276
274
277
278
275
277
279
278
274
274
274
274
278
273

.87

.49

.03

.61

.20

.34

.'10

.42

.56

.28

.69
1a

. LJ

.06

.54

.09

.75

.07

.45
,45
.77
.66
.71
.95
.12

,)tr

.28

.80

.19

.57

.51

.46

.47

.64

.57

.07

.59
a)

. LJ

.05

.92

.81

.77

. 8'1

.72

.28

.07

.06
.t)

. tJ

.16

.79

.65

.36
,64
.06
.62
.72

2.40
2.90
5.30
3.10
3.00
3.70
2.70
2.90
2 .40
5.30
6.00
0.00
2.40
2.40
0.00
2.40
2.70
6.10
2.40
2.40
2.90
2 .40
2.40
2 .40
2 .40
0.00
0.00
2 .40
0.00
5.40
2 .40
5.30
2.40
2 .40
3.00
2 .40
2.40
2.90
2.40
2.40
2.40
2.40
2.40
2 .40
2.90
3.4s
2 .40
2.90
0.00
6.10
2 .40
2.40
2,90
3.00
3.00

0.5
0.5
0.0
0.5

0.5

0.5
0.0
1.0
0.5
0.5

0.5
0.5

0.5
0.5

0.5

0.5
0.5

0.5

0.5

0.5
0.5

0.5
0.5

0.5
0.5

0.5
0.5

1.0
1.0

0.5
0.5

0.5
0.5

1.0

1.0

0.5
0.5

0.0

1.0
0.5

46.00
46.00
46.00
45.00
42.85
40.00
45.00
46.00
50.00
50.00
25.00
37.50
45.00
37.50
s0.00
43.00
s0.00
4s.00
50.00
50.00
43.00
41.00
36.00
36.00
75.00
40.00
33.00
49.00
49.50
43.00
42.00
45.00
48.00
48.00
33.18
40.00
40.00
49.58
40.00
53.00
49.00
42.30
45.03
33.00
33.00
33.00
33.00
29.00
25.00
s0.00
62 .60
45.00
49.59
49.50
33.00

0.5
0"5
0.5
1.0
0.0
1.0
0.5
1.0
1.0
0.5
0.5
0.5
0.5
0.5
1.0
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187
188
189
190
191
192
193
194
19s
196
197
198
199
200
201
202
203
204
205
206
207
208
209

99

27 9 .32
27 8 .43
272.80
274"37
27 4.56
278.36
277.74
277 "35
277.13
27 3 .40
273.94
27 4.84
27 4.68
275.53
27 4.21
275.94
27 I .32
27 4 .36
27 5 .47
27 4 .51
27 4.23
27 4 .31
27 4 .91

2 .40
2.90
2 .40
3.70
2.90
3.00
2 .40
2 .40
2 .40
5.10
2.90
2 .40
3.70
3.00
2 .40
2 .40
2 .40
3.70
2.90
2.40
2.40
2 .40
2 .40

1

0
0
0
0
1

1

1

0
0
1

0
0
0
0
0
0
0
0
0
0
0
0

1

1

1

1

1

1

1

1

1

1

1

1

1

0
1

0
0
1

1

1

1

1

1

q

0
0
0
1

1

1

1

1

1

1

0
0
0
0
1

0
0
0
0
0
0
0

1

1
.1

1

1

1

1

1

1

1

1

1

1

1

1

1

0
0
1

1

1

0
1

1.0
0.5
0.5
1.0
0.5
0.5
1.0
0.5
0.5
0.5
0.5
0.s
1.0
1.0
0.5
0.5
0.5
1.0
0.5
0.5
0"5
0.5
0.5

49.50
33.00
49.59
40.00
47 .50
3s.00
37.80
40.00
41.00
40.00
38.00
37.50
33.00
33.00
s3.00
33.00
33.00
33.00
45.00
54.02
61 .00
45.00
45.00



Àppendix C

WATFIV PROGRAMME: RTCALC

$JOB WATFTV ,NOEXT,NOCHECKc *********************************************************
C RTCALC
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C This program cafculates average kinetic roof temp on the
C basis of the proportion of the area of the roof covered
C by each colour coded temp range, âs determined from
C colour-enhanced aerial thermographs. Variables LG, DB, LB,
C Y and W are colour codes with midpoint apparent temps of
C 281 .12, 278.21 , 275.29, 272.37 and 269.46 degrees K.
C Average apparent roof temp is divided by roof emissivity
c to the power of 1/4. Emissivity is assumed to be 0.97 fõr
C all houses.
C ***********ìt*********************************************

TNTEGER HOUSE(209), N
REAL Lc(209), DB(209), LB(209), y(209) , W(209),

+ TOT, RT
C N=number of observations.

N=209
DO 1 I=1rN

C Input roof area of each colour code.
REÀD 100, HOUSE(r), Lc(r), DB(r), LB(r), y(i), W(r)

C Calculate total roof area.
Tor=LG(r )+oe(r )+r,s(r )+v(I )+vr(r )

C Calculate kinetic roof temperature.
RT= (LG( r ) fto't*281 .12+DB (t) /tor*278.21+¡s(tl /r.otx+ 27s.29+y( r) /ToT*272.37+w (t) /T.ot*269 "46)' /0.99

1

100
200

$ENTRY

wRrrE (14,200) HousE( r )

CONTINUE
STOP
FORMAT(r4,5F3.0)
FORMAT(r4,F8.2)
END

'RT

100



c
c

c
c
c
c
c
c

c
c
c
c
c

Àppendix D

WATFIV PROGRÀMME: SPOTMAP

$JOB WATFIV ,NOEXT,NOCHECK*********************************************************

* * * * * * * * * * * * * * * * * * * *..*. :l?ïYll. * * * * * * * * * * * * * * * * * * * * * * * * * *
This programme creates a line printer map of point
observations using specif ied symbolism.*********************************************************

TNTEGER r.t J, HOUSE(209), NCL, NCL1, MÀXCOL, MÀXROW|
+ rD(209), col,(209), Row(209), N, M
REAL CLASS(1000), SCALE, VAL(209), X(209), y(209)
CHARÀCTER SYMBOL*1 (1000), PLOT*1 (300),

+ NAME*60(1 000), MÀP*1 (200,200)
Read number of observations (N), number of symbols less
one (t'Icr), scale factor (scare).

REÀD, N, NCL, SCALE
NCL 1 =NCL+ 1

M=N-1
Read X and Y (coordinates) for al1 observations"

DO 2 I=1 ,N
READ, X(I), Y(r), rD(r)

2 CONTINUE
Read val-ues to be mapped.

DO 4 I=1rN
READ -100, HOUSE(r), VAt(r)

4 CONTINUE
Read following information in alternate lines:
Line 1: class symbol and name.
Line 2z upper boundary of cIass.
Repeat f or remaining cl-asses. There should be NCLI
symbols and names and NCL boundaries.

DO 6 I=1,NCL
READ 300, SYMBOL(r), NAME(r)
READ, CLÀSS(r)

6 CONTINUE
READ 300, SYMBOL(nCr,1), NAME(¡¡Cll )

Calculate row and column positions for observat,ions.
MAXCOL=MAXROW=- 1

DO I I=1 ,N
COL ( I ) =y ( t ) *1 0*SCALE+1
ROW( I ) =X( r ) *8*SCALE+1
rF (cor(r ).cr.MAxcoL) rHeN oo

MAXCOL=COt ( T )
END ÏF
rF (now(r ).cr.MAxRow) rHeN no

MÀXROW=ROW( I )

c

c

c
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END TF
8 CONTINUE

C Assign symbolism to observations.
DO 20 I=1,N

PLOT(T )=SYMBOI(NCt1)
DO 18 J='1 ,NCLrF (vai,(r ).lr.clÀss(J) ) THEN Do

PLOT(I )=SYMBOI(J)
GO TO 20

END IF
1 8 CONTINUE
20 CONTINUE

C Printout of data and symbols.
PRINT 199
DO 15 I=.1 ,N

PRINT 200, r, HOUSE(I ), VÀL(r ), PLOT(r )
1 5 CONTTNUE

C Check for overlapping data points.
MDO 22 T=1,

J=I+1
DO 21 K=J I

I
(

9

N
)

I
9

rF (now(
rF (col

PRI NT
END IF

END IF
21 CONTINUE
22 CONTINUE

.EQ.ROw(J) ) THEN DO
).ee.col(J) ) THEN Do
9, HOUSE(r ), HOUSE(J)

C Initialize map matrix to blanks.
DO 30 I=1,MAXROW

DO 28 J=1 ,MAXCOL
MAP(I,J)=' '

28 CONTTNUE
30 CONTINUE

C Assign symbols to print locations.
DO 40 I=1 ,N

MAP(ROW( r ),COL( i ) ) =pr,OT( r )
40 CONTINUE

PRINT 450
C Skip a few lines.

DO 53 I=1 ,5
PRINT 988

53 CONTINUE
C Print map.

DO 60 r=1,MAXROW
PRINT 50O, (¡'lap(l,J),J=1,MAXCOL)

60 CONTINUE
C Print legend.

PRINT 7OO
PRINT 750
DO 70 I=1,NCL

PRINT 900, SYMBOL(r), NAME(I)
70 CONTINUE

.pRrNT 900, SYMBOL(¡¡Cr1), NAME(NCr,l )

PRTNT 905



PRINT 906
PRINT 450
STOP
FoRMAT(t¿,35x,F9.2)
FORMAT('1" 17X,', OBS'
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' ID"'1 0Xr'VALUE" 5Xr' SYMBOL' )

,5X,F10.2, BX,A1 )

,7x,
x,r5

100
199
200
300
450
500
700
750
900
905
906
988
999

$ENTRY

FORMAT(' I

FORMAT ( À'I ,
F'ORMAT('1 '
FORMAT(' T

FORMÀT('1'
FORMAT ( '+'
FORMÀT(' I

FORMAT('1'
FORMAT(' I

10x,r10,4
x, A60 )

I

5
)

,9x ,
,17N
| 17N
,17N
,47x
,43x

1 20A1 )

,'LEGEND')
, 

t 

-t 

)

, A1 t7X, A60 )

,'MAP 6')
, 'Lot Frontage' )

FORMAT('-')
FORMÀT( ",'OVERLAPPING DATA POINTS:',215)
END



c
c
c
c
c
c

Appendix E

WATFIV PROGRAMME: BIPROB

$ioB I^TATFIV , Nonxr, NocHEcK
*******************************************************rk*

************************lll*91.**************************
This programme calculates binomial probabilities for
accuracy testing given N, X and Q.*********************************************************

INTEGER N, X, M, J, I, L
REÀL Q, Pf FACTN, FACTX, FACTM

N=size of subsample.
N=20
L=N- 1

Q=selected value for acceptable proportion of
correct interpretations in entire sample.

Q=0.75
PRINT 1 00, A
PRINT 2OO

X=number of incorrect interpretations in subsample.
X=0

Calcu1ate probability for X=0.
P=Q**N
PRrNT 300, N, X, P

Calculate probability for X=1 ,2,3, ". . ,L.
DO 10 X=1,L

M=N-X
FACTN=J= 1

DO 1 I=1,N
FACTN=FACTN*J
J=J+ 1

1 CONTINUE
FACTX=J= 1

DO 2 I=1 ,X
FÀCTX=FÀCTX*J
J=J+ 1

2 CONTINUE
FACTM=J= 1

DO 3 I=1,M
FACTM=FÀCTM*J
J=J+ 1

3 CONTINUE
p=FÀCTN/(rectX*¡'ÀCTM) *e**M* ( 1-O ) **X
PRrNT 300, N, X, P

1 O CONTINUE
Calculate probability for X=N"

P=(1-Q)**N

c

c
c

c

c

c

c
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PRINT 300, N, N,
STOP

1 00 FORMAT('1 ' ,'P FOR
200 FORMAT(' ' ,9X,'N'
300 FORMAT(' ' ,2110,F

END
$ENTRY

P

Q=
,9x,
10.4 "F5.2)txtrgxrtPt)

)



Appendix F

WATFIV PROGRAMME: ERRTEST

$JOB WATFIV,NOEXT,NOCHECK
c *********************************************************
C ERRTEST
C * *:k * * * * * * * * * * * * *:k * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C This program tests for normality and autocorrelation in
C regression error terms.
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

TNTEGER T, J, K, N
REAL y(209), X(209), yp(209), RES(209), SUMRES,

+ SUMDI F , Q, M, SUMR, MEAN , SS , S , .Z (209) ,+ MAXD, PR(209), PRN(209), NORMPR, DIF, ADIF, D, V
C N=number of observations.

N=209
M=FLOAT ( N )
SUMR=SUMRES=SUMDI F=O
DO 4 I=1,N

C Read in values of dependent and explanatory variables.
READ 100, Y(r), X(r)

C Compute expected values with derived regression equation.
YP( I )=275.91 1 -0.31 6*x( T )

C Calcul-ate residual values.
RES(r )=Y(l )-vp(r )
SUMR=SUMR+RES ( 1 )

4 CONTINUE
C Calculate Q.

DO I I=2,N
IÙ-L- |

SUMDIF=SUMDTF+ ( RES ( T ) _NUS ( J ) ) **2
SUMRES=SUMRES+RES ( I ) ** 2

8 CONTINUE
Q=SUMDT T/SUUNUS
PRINT 1 50, A
MEAN=SUMR/N
SS=0

C Calculate sum of squared residuals.
DO 10 I=1,N

SS=SS+ ( neS ( r ) -UneH ) *x 2
1 O CONTINUE

v=ss/(M-.1 )
S=SQRT (V)

C Calculate standard scores.
DO 11 I=.1 ,N
z(t)=(nss(r )-unau)/s

11 CONTINUE
MAXD=-1
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C Calculate frequency of occurence of val-ues smaller
C than Lhe value of each observation.

DO 14 K=1,N
PR(x)=1
DO 12 I=1 ,N

IF(I.NE.K)IHEN OO
LF (z( t ) .re. z (K) )tHeN oo
pR(K)=pR(r)+1

END ]F
END IF

12 CONTTNUE
C Calculate probability of a smaller value.

PRN(K)=PRß)/u
C Catl IMSL routine MDNOR (areas of normal curve).

CALL MDNOR( Z (n),¡rORr-rpR)
C Compare probablities in normal and observed distributions.

DTF=NORMPR_PRN(K)
ADI F=ÀBS ( OT T')

C Find Iargest absolute deviation.
TF (ADiF.GT.MAXD)THNN OO

MAXD=ADT F
END IF

14 CONTINUE
C Calculate d-statistic.

D=MAXD*( (senr(¡¿) )-.01+.85/(sQRr(¡'t) ) )
PRINT 2OO, D
PRINT 999
STOP

1 00 FORMAT ( 4X, r 10 .2 ,88 .2)
150 FORMAT(' 1','Q-statistici' rF20.4\
200 FORMAT(' 1','d-statistic i',F20.4)
999 FORMAT('1')

END
$ENTRY
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