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A PROTOTYPE EXPERT SYSTEM FOR DIAGNOSING 
MOISTURE PROBLEMS I N  HOUSES 

A knowledge based exper t  system i s  under development t o  a s s i s t  
i n  the i d e n t i f i c a t i o n  and d iagnosis  of  a i r  leakage problems i n  
r e s i d e n t i a l  bui ld ings .  The exper t  system is  intended f o r  use by 
home energy aud i to r s  who a r e  f a m i l i a r  wi th  house cons t ruct ion  
and bui ld ing performance i s sues ,  but  do no t  have the  e x p e r t i s e  
n e c e s s a r y  t o  d e a l  e f f e c t i v e l y  w i t h  t h e  w i d e  v a r i e t y  o f  
circumstances encountered i n  houses. The system development is  
beg inn ing  w i t h  a  p r o t o t y p e  t o  d i a g n o s e  m o i s t u r e - r e l a t e d  
problems. This prototype i s  the  f i r s t  s t e p  i n  the  development 
of the  more comprehensive exper t  system t h a t  w i l l  d e a l  wi th  a i r  
leakage problems associa ted  with indoor a i r  q u a l i t y ,  thermal 
comfort, and heat  loss  and gain.  

I n  t h i s  paper the  moisture-diagnosis prototype is described and 
discussed.  This prototype system requires  the  use r  t o  desc r ibe  
t h e  symptoms o f  t h e  e x i s t i n g  m o i s t u r e  problems and p r o v i d e  
i n £  ormat i o n  on house  c h a r a c t e r i s t i c s .  Based on a d d i t i o n a l  
i n f o r m a t i o n  on t h e  symptoms and t h e  house ,  t h i s  i n t e r a c t i v e  
program produces a  l ist  of probable causes and recommendat ions 
f o r  remedial ac t ion .  I n  addi t ion  t o  descr ib ing the  c u r r e n t  
prototype system, t h i s  paper a l s o  d iscusses  the  r e s u l t s  of an 
evaluat ion  of the  system based on i t s  use by human exper ts  i n  
the  f i e l d  of  r e s i d e n t i a l  bui ld ing moisture. This evaluat ion ,  
along with i n s i g h t s  obtained through the  e f f o r t s  of the  system's 
d e v e l o p e r s ,  h a s  l e d  t o  s e v e r a l  proposed improvements o f  t h e  
prototype. 

INTRODUCTION 

Over recent  years  numerous houses have been audited t o  determine 
appropr ia te  energy conserving r e t r o f i t s  and t o  i d e n t i f y  t h e  
causes of problems re la t ed  t o  thermal comfort, excessive energy 
use,  moisture,  and a i r  qua l i ty .  These aud i t s  have ranged from 
uninstrumented v i s u a l  inspections l a s t i n g  about one hour t o  more 
extensive procedures t h a t  employ instrumentat ion t o  examine t h e  
building envelope and equipment i n  d e t a i l .  The simpler  type of 
aud i t  necessa r i ly  considers  only genera l  a t t r i b u t e s  of the  house 
w i t h o u t  r e c o g n i z i n g  t h e  c o m p l e x i t y  o f  b u i l d i n g  t h e r m a l  
c h a r a c t e r i s t i c s ,  including the  importance of unexpected a i r  
l eakage  s i t e s  and o t h e r  the rmal  anamol ies .  Such a u d i t s  
genera l ly  involve surveys of insu la t ion  l e v e l s ,  condi t ion  of  
windows and doors, mechanical equipment type and o the r  bui ld ing 
fea tu res ,  b u t  neglec t  many other  important f ac to r s  such a s  leaks  
i n  a t t i c  f l o o r s ,  convective loops wi th in  the  insu la t ion  system, 
basement a i r  leakage and o the r  obscure a i r  leakage s i t e s .  Based 
on  v a r i o u s  s i m p l i f i e d  g u i d e l i n e s  t h e s e  a u d i t s  p r o d u c e  
s u g g e s t i o n s  r e g a r d i n g  r e t r o f i t  a c t i o n s ,  b u t  t h e  a u d i t s  a r e  
g e n e r a l l y  n o t  des igned  t o  d i a g n o s e  t h e  c a u s e s  o f  many a i r  



l eakage  problems and t h e  s u g g e s t i o n s  d o  n o t  i n v o l v e  many 
important a i r  leaks e 

More extens ive  aud i t  procedures, sometimes refered  t o  a s  "house 
doc toringtr  (Diamond e t  a 1  1982, Energy Resources Center 1983, 
H a r r j e  e t  a 1  1979 and 1 9 8 0 ) ,  p r o v i d e  a much more d e t a i l e d  
evaluat ion of  the  house and i t s  thermal performance. House 
d o c t o r i n g  i s  n o t  a s t a n d a r d i z e d  p r o c e d u r e ,  and d i f f e r e n t  
i n d i v i d u a l s  and o r g a n i z a t i o n s  h a v e  d e v e l o p e d  t h e i r  own 
approaches. I n  order  t o  l o c a t e  hea t  l o s s  and a i r  leakage s i t e s ,  
house doc t o r s  employ fan  p ressur i za t ion ,  in f ra red  thermography 
and other  techniques (ASTM 1986, Harr je  e t  a 1  1979 and 1980, 
Socolow 1 9 7 8 ) .  The u s e  o f  t h e s e  p r o c e d u r e s  e n a b l e s  one t o  
loca te  unexpected a i r  leakage s i t e s  and o the r  thermal d e f e c t s  i n  
the  bui ld ing envelope t h a t  a r e  otherwise d i f f i c u l t  o r  impossible 
t o  de tec t .  These unanticipated d e f e c t s  o f t e n  c o n s t i t u t e  a more 
s i g n i f i c a n t  por t ion  of the  energy l o s s  of  a home than the  more 
mundane d e f e c t s  considered by "pencil-and-paper" aud i t s .  With 
rega rd  t o  a i r  l eakage  s i t e s ,  obv ious  l e a k s ,  such  a s  t h o s e  
associa ted  wi th  windows and doors,  genera l ly  account f o r  only a 
small percentage of the  t o t a l  leakage of  a house (ASHRAE 1985). 
Most of t h e  leaks a r e  due t o  a v a r i e t y  of o the r  l e s s  obvious, 
and o f t en  very  e lus ive ,  sources. 

House doc t o r s  have i n s p e c t e d  thousands  o f  houses  i n  Nor th  
America and have obtained a g r e a t  d e a l  of  experience regarding 
t h e  loca t ion  and s ign i f i cance  of a ir  leakage sites, a s  we l l  a s  
o t h e r  t h e r m a l  d e f e c t s  i n  houses .  I n  some c a s e s ,  e x t r e m e l y  
experienced house doctors  can a n t i c i p a t e  cons t ruct ion  d e f e c t s  
and o ther  leakage problems without the  use of instrumentat ion,  
from knowledge of a house's age, cons t ruct ion  s t y l e ,  geographic 
l o c a t i o n ,  and o t h e r  f e a t u r e s .  I n  a d d i t i o n  t o  i d e n t i f y i n g  
thermal d e f e c t s  i n  t h e  bui ld ing envelope, exper t  house doctors  
have experience with,  and a genera l  understanding o f ,  o the r  a i r  
leakage i s s u e s  such a s  thermal comfort,  moisture,  and indoor a i r  
qual i ty .  The experience of these exper t  house doctors  and o t h e r  
bui ld ing performance exper ts  c o n s t i t u t e s  a valuable resource f o r  
solving a i r  leakage problems i n  homes. 

I t  would b e  e x t r e m e l y  b e n e f i c i a l  i f  t h e  knowledge o f  t h e s e  
exper ts  could b e  used t o  improve the  e f fec t iveness  of energy 
a u d i t s  by n o n e x p e r t s .  Exper t  sys tems  c o n s t i t u t e  a computer  
s o f t w a r e  approach  employing t h e  t e c h n i q u e s  o f  a r t i c i f i a l  
i n t e l l i g e n c e  t o  real-world problems (Forsyth 1984, Hayes-Roth e t  
a 1  1984) t h a t  could p o t e n t i a l l y  provide t h i s  knowledge regarding 
a i r  leakage problems t o  nonexpert aud i to r s .  Expert sys t e m s  a r e  
p a r t i c u l a r l y  a p p l i c a b l e  t o  t h e  problem of  i d e n t i f y i n g  and 
diagnosing a i r  leakage problems i n  r e s i d e n t i a l  bui ld ings  because 
t h e s e  sys tems  a r e  a p p r o p r i a t e  t o  domains c h a r a c t e r i z e d  b y  
u n c e r t a i n  d a t a  and incomple te  i n f o r m a t i o n .  A t r a d i t i o n a l ,  
computational approach t o  analyzing i n f i l t r a t i o n  would c a l c u l a t e  
the  q u a n t i t i e s  of i n t e r e s t  by applying computational algori thms 
t o  a numerical model of a house. While there  is  s u f f i c i e n t  
physical  understanding t o  determine i n f i l t r a t i o n  r a t e s ,  a i r f l o w  
r a t e s  i n t o  and o u t  o f  s p e c i f i c  l o c a t i o n s ,  and i n t e r i o r  



contaminant concentrat ions,  moisture l eve l s  and temperatures i n  
t h i s  manner, the ca lcu la t ion  of these  q u a n t i t i e s  is  prevented by 
t h e  i n a b i l i t y  t o  determine a l l  of the  required inputs.  One must 
know the loca t ion  and leakage c h a r a c t e r i s t i c s  of every opening 
i n  the bui ld ing envelope and i n  the  i n t e r i o r  p a r t i t i o n s .  I n  
a d d i t i o n ,  wind p r e s s u r e  c o e f f i c i e n t s  must be  known o v e r  t h e  
b u i l d i n g  enve lope  a s  a f u n c t i o n  of  wind d i r e c t i o n .  The 
determination of indoor contaminant and moisture l e v e l s  a l s o  
r e q u i r e s  v a l u e s  o f  i n t e r i o r  s o u r c e  s t r e n g t h s  and o u t d o o r  
concentrat ions a s  a function of time. Such d e t a i l e d  knowledge 
about a s p e c i f i c  bui ld ing is  genera l ly  unobtainable without 
i n t e n s i v e  i n s t r u m e n t a t i o n  and s t u d y .  Even i f  a l l  o f  t h i s  
information were ava i l ab le ,  it is no t  c l e a r  whether a d e t a i l e d  
computational approach is appropr ia te  t o  d e a l  with the  types of  
problems t h a t  a r e  encountered i n  the  f i e l d .  Al ternat ively ,  an 
expert  system can d e a l  wi th  the  more r e a l i s t i c  s i t u a t i o n  i n  
which t h e r e  i s  incomple te  knowledge o f  a home's d e t a i l e d  
i n f i l t r a t i o n  c h a r a c t e r i s t i c s ,  b u t  v a l u a b l e  n o n q u a n t i t a t i v e  
information i s  avai lable .  The a b i l i t y  of expert  systems t o  d e a l  
w i t h  q u a l i t a t i v e  i n f o r m a t i o n  makes them a p p r o p r i a t e  t o  t h e  
problems associa ted  with a i r  leakage and t o  use the  knowledge of 
expert  house doc t o r s .  

This paper begins with a desc r ip t ion  of a proposed expert  system 
intended t o  d e a l  with a i r  leakage problems. This exper t  system 
h a s  been d e s c r i b e d  i n  g e n e r a l  terms i n  a p r e v i o u s  r e p o r t  
( P e r s i l y  1986), and i s  intended t o  i d e n t i f y  and diagnose a i r  
leakage problems re la ted  t o  hea t  l o s s  and ga in ,  thermal comfort,  
moisture, and indoor a i r  qua l i ty .  The cur ren t  e f f o r t  toward t h e  
development o f  t h i s  s y s  tem i n v o l v e s  a p r o t o t y p e  concerned 
primari ly wi th  the d iagnosis  of moisture problems i n  homes, and 
a desc r ip t ion  and discuss ion of t h i s  prototype c o n s t i t u t e s  the  
b u l k  of t h i s  paper .  The p r o t o t y p e  i s  s e r v i n g  t o  e x p l o r e  
conceptual approaches t o  the  genera l  problem of diagnosing and 
ident i fy ing a i r  leakage problems t o  a s s i s t  i n  developing t h e  
proposed system, a s  wel l  a s  t o  develop a use fu l  t o o l  f o r  the  
domain of moisture problem diagnosis .  

GLOBAL SYSTEM FRAMEWORK 

The term g loba l  expert  system r e f e r s  t o  the  proposed expert  
system intended t o  d e a l  with a i r  leakage problems re la ted  t o  
hea t  t r a n s f e r ,  a i r  q u a l i t y ,  moisture, and thermal comfort. The 
development of t h i s  g loba l  system i t s e l f  has not  ye t  begun, bu t  
a conceptual framework does e x i s t  and t h i s  sec t ion  descr ibes  the  
cur ren t  conception. 

The bas ic  goa l  of the  g lobal  system is  t o  use the knowledge of 
house doc to r s ,  and o the r  experts  i n  the a rea  of a i r  leakage 
problems, i n  order t o  improve the ef fec t iveness  of procedures 
employed b y  l e s s  exper ienced  a u d i t o r s .  The proposed e x p e r t  
sys tem i s  in tended  t o  be  used by o n - s i t e  a u d i t o r s  who a r e  
f a m i l i a r  w i t h  home c o n s t r u c t i o n  and b u i l d i n g  e n e r g y  



conservation,  bu t  a r e  not  exper ts  i n  the  f i e l d .  The expert  
sys tem w i l l  d e a l  w i t h  t h r e e  b a s i c  s i t u a t i o n s  o r  q u e s t i o n s  
regarding a i r  leakage: d iagnosis ,  i d e n t i f i c a t i o n ,  and r e t r o f i t  
p lann ing .  The d i a g n o s i s  mode i s  in tended  t o  d e t e r m i n e  t h e  
causes of  e x i s t i n g  a i r  leakage problems. I n  t h i s  s i t u a t i o n ,  the  
house h a s  a  problem such  a s  d r a f t s ,  a  c o l d  room, l i n g e r i n g  
odors, o r  moisture damage. The system w i l l  determine why these  
symptoms a r e  o c c u r r i n g  and s u g g e s t  c o r r e c t i v e  a c t  i o n .  The 
second problem type concerns the  i d e n t i f i c a t i o n  of a i r  leakage 
problems t h a t  a r e  present ly  unknown t o  the  occupant and aud i to r ,  
b u t  t h a t  may b e  p o t e n t i a l l y  s e r i o u s  i n  t h e  f u t u r e .  These 
problems might  i n v o l v e  t h e  p o t e n t i a l  f o r  m o i s t u r e  damage, 
excessive hea t  l o s s ,  o r  poor indoor a i r  qua l i ty ,  The f i n a l  
s i t u a t i o n  t h a t  t h e  e x p e r t  sys tem w i l l  a d d r e s s  i s  r e t r o f i t  
planning. Given t h a t  the  homeowner is contemplating a i r  leakage 
and/or o t h e r  r e t r o f i t s  t o  the bui ld ing,  the  system determines 
the  most appropr ia te  and e f f e c t i v e  r e t r o f i t s  and a n t i c i p a t e s  
p o t e n t i a l l y  adverse s i d e  e f f e c t s  of the  proposed r e t r o f i t s .  The 
expert  system i s  intended t o  explore these  th ree  quest ions f o r  
e x i s t i n g  homes, b u t  t h e  p o t e n t i a l  e x i s t s  f o r  expanding t h e  
system t o  include the  a n t i c i p a t i o n  of a i r  leakage problems i n  
new bui ld ings  a t  the  design stage.  

2 . 1  Content o f  the  Knowledge Base 

The types of a i r  leakage problems t h a t  the  expert  system w i l l  
d e a l  with concern heat  loss  and gain ,  thermal comfort, moisture, 
and indoor air q u a l i t y ,  and severa l  examples a r e  l i s t e d  i n  t a b l e  
1. These a r e  g e n e r a l  problem t y p e s ,  a s  opposed t o  t h e i r  
s p e c i f i c  causes and the symptoms t h a t  reveal  t h e i r  presence. 
For example, the  cause of a  cold i n t e r i o r  surface  of an outs ide  
wal l  may be  a i r  leaking i n t o  the  wal l  system a t  a  second-story 
overhang and flowing within the  wall .  The symptoms of t h i s  
p r o b l e m  may i n c l u d e  o c c u p a n t  d i s c o m f o r t ,  and p e r h a p s  
condensation o r  mildew on t h a t  wall .  To fu r the r  explain the  
content  of t h e  knowledge base, t h i s  example is  considered i n  
r e l a t i o n  t o  t h e  t h r e e  s i t u a t i o n s  d i s c u s s e d  above. I n  t h e  
diagnosis  mode, the symptoms of the cold room w i l l  be entered,  
along wi th  o the r  house information such a s  the  existence of an 
overhang, and the  expert  system w i l l  suggest a  leak i n t o  the 
wal l  a s  a  p o t e n t i a l  cause. The system may speci fy  add i t iona l  
inspections t o  the  aud i to r  i n  order t o  support the d iagnosis ,  as  
w e l l  a s  provide appropr ia te  techniques f o r  repai r ing the leak.  
I n  the i d e n t i f i c a t i o n  mode the  expert  system w i l l  consider the  
f a c t  t h a t  t h e  house has a  second f l o o r  overhang, and based on 
experience regarding t h i s  house s t y l e  and i t s  construction,  w i l l  
s u g g e s t  t h e  p o s s i b i l i t y  t h a t  such  a  l e a k  e x i s t s .  Again,  
appropr ia te  v e r i f i c a t i o n  and r e p a i r  techniques w i l l  be provided. 
F i n a l l y ,  i f  t h e  u s e r  i s  p lann ing  t o  r e t r o f i t  t h e  house ,  
including the  i n s t a l l a t i o n  of wal l  insu la t ion ,  the expert  system 
w i l l  i d e n t i f y  t h i s  l eakage  s i t e  a s  an impor tan t  enve lope  
t i g h t e n i n g  r e t r o f i t  and a s  a  means of  making t h e  proposed 
insu la t ion  more e f f e c t i v e .  



I n  addi t ion  t o  the  types of problems l i s t e d  i n  t a b l e  1, the  
k n o w l e d g e  b a s e  o f  t h e  e x p e r t  s y s t e m  w i l l  c o n t a i n  o t h e r  
information. Table 2 presents  an o u t l i n e  of the  content  of the  
knowledge base.  There a r e  two bas ic  types of information t h a t  
w i l l  be included i n  the  knowledge base,  f a c t u a l  and h e u r i s t i c .  
The f a c t u a l  information c o n s i s t s  of desc r ip t ive  information 
regarding houses, t h e i r  const ruct ion,  a i r  leakage problems , and 
symptoms associa ted  with such a i r  leakage problems. A l l  of t h i s  
f ac tua l  information serves a s  the  components f o r  developing a 
useful  charac te r i za t ion  of a house within the exper t  system. 

The second t y p e  of  e x p e r t  knowledge t o  b e  i n c l u d e d  i n  t h e  
knowledge b a s e ,  r e f e r r e d  t o  a s  h e u r i s t i c ,  i s  d i v i d e d  i n t o  
problem s p e c i f i c  and s t r a t e g i c .  H e u r i s t i c s  a r e  g e n e r a l l y  
acquired from experts  and a r e  used i n  solving t h e  problems i n  
the  expert  system's domain. The h e u r i s t i c  knowledge c o n s i s t s  of 
r e la t ionsh ips  between bui ld ing c h a r a c t e r i s t i c s  and a i r  leakage 
problems and o t h e r  b u i l d i n g  c h a r a c t e r i s t i c s ,  problems,  and 
r e t r o f i t  p r o c e d u r e s ,  a s  no ted  i n  t a b l e  2 .  The s t r a t e g i c  
h e u r i s t i c s  r e f e r  t o  more genera l  r u l e s  t h a t  embody t h e  problem 
solving approaches of the  system. 

St ructure  of  Knowled~e Base 

The global  exper t  system is  envisioned a s  an i n t e r a c t i v e  program 
i n  which information provided by the aud i to r  w i l l  be used t o  
c r e a t e  an "image" of the  house under considerat ion.  This image 
w i l l  be a combination of c h a r a c t e r i s t i c s ,  varying i n  degree of 
d e t a i l  and quan t i f i ca t ion ,  and w i l l  include information provided 
by the a u d i t o r  and d e f a u l t  values supplied by the  exper t  system. 
Based on t h e  a p p l i c a t i o n  of  t h e  r u l e s  d i s c u s s e d  above,  and 
addi t ional  information supplied by the  user ,  the  house image 
w i l l  be progressively ref ined and made more useful .  

A s e s s i o n  w i l l  b e g i n  w i t h  t h e  a u d i t o r  p r o v i d i n g  p r e l i m i n a r y  
information on the home. I n i t i a l  inputs  w i l l  include which of 
the  three  s i t u a t i o n s  discussed above, d iagnosis ,  i d e n t i f i c a t i o n  
and r e t r o f i t  planning, a r e  re levant .  I n  addi t ion ,  information 
r e g a r d i n g  t h e  home's p h y s i c a l  d e s c r i p t i o n ,  a g e ,  mechan ica l  
equipment, and other  f ea tu res  may be added a t  t h i s  s tage.  The 
system w i l l  i n t e r a c t  with the  user /audi tor  a s  t h i s  information 
i s  being inpu t ,  f o r  ins tance  requesting add i t iona l  explanation 
of the inputs.  A t  the  conclusion of t h i s  i n i t i a l  sess ion,  the  
system w i l l  produce a t e n t a t i v e  l i s t  o f  c o n c l u s i o n s  ( i . e .  
problems, causes ,  and/or r e t r o f i t s ) ,  p lus  a l ist  of requests  t o  
the  audi tor  f o r  fu r the r  information. These requests  may involve 
physical  inspect ions  ("Go t o  the k i tchen and determine whether 
t h e  e x h a u s t  f a n  a c t u a l l y  e x h a u s t s  t o  t h e  o u t s i d e  o r  s imply  
rec i rcula tesq ' )  , o r  d iscuss ion with t h e  building occupants ("Ask 
t h e  homeowner i f  t h e y  exper ienced  eye  i r r i t a t i o n  b e f o r e  
obtaining t h e  new furniture") .  The audi tor  w i l l  obta in  the  
addi t ional  information and the  in te rac t ion  with the  system w i l l  
c o n t i n u e ,  e n t e r i n g  t h e  new i n f o r m a t i o n  a s  a p p r o p r i a t e .  The 



'ystem thenproduce a  new l i s t  of conclusions t h a t  is more 
de ta i l ed  and building s p e c i f i c ,  and possibly add i t iona l  reques ts  
f o r  i n f o r m a t i o n .  The a p p r o p r i a t e  number o f  i t e r a t i o n s  and 
length of a sess ion w i l l  be explored i n  developing the  system. 
The system may a l s o  suggest more involved study of the  bu i ld ing ,  
such a s  p o l l u t a n t  c o n c e n t r a t i o n  measurements w i t h  p a s s i v e  
moni to r s  o r  p r e s s u r i z a t i o n  measurements o f  whole b u i l d i n g  
a i r t i g h t n e s s ,  followed by another sess ion with the  system a t  a  
l a t e r  da te .  

A s  mentioned above, the  information provided by the  use r  w i l l  be 
used by t h e  system t o  c r e a t e  an image of the  house. This image 
w i l l  no t  be  a  d e t a i l e d ,  physical  model of the  house f o r  use i n  a  
c a l c u l a t i o n  of i n f i l t r a t i o n  , involving exact  desc r ip t ions  of 
every leakage s i t e ,  the  building geometry, po l lu tan t  source 
s t r eng ths ,  and outdoor po l lu tan t  concentrations. Instead it  
w i l l  be a  d e s c r i p t i v e  charac te r i za t ion  of the  building including 
b o t h  q u a n t i t a t i v e  i n f o r m a t i o n  (e .g .  f l o o r  a r e a ,  number o f  
occupants, year of const ruct ion)  and q u a l i t a t i v e  information 
(e.g. exis tence  of a  basement, geographic locat ion,  const ruct ion 
s t y l e ) .  The ru les  contained i n  the  expert  system knowledge base 
w i l l  be  used t o  convert the  i n i t i a l  set of a t t r i b u t e s  of the  
home t o  a  more s p e c i f i c  and use fu l  set of a t t r i b u t e s .  A s  the  
system employs these r u l e s ,  and a s  add i t iona l  information i s  
provided by  t h e  u s e r ,  t h e  working image o f  t h e  house w i l l  
provide u s e f u l  information t o  the  user .  

A t  t h i s  p o i n t  i t  i s  n o t  c l e a r  what s o l u t i o n  s t r a t e g i e s  and 
software approaches w i l l  be most appropriate f o r  t h i s  exper t  
system. The development of the  moisture-diagnosis prototype 
w i l l  a s s i s t  i n  making these important decis ions ,  

2 . 3  Knowledge Base Resources 

S e v e r a l  d i f f e r e n t  s o u r c e s  have been i d e n t i f i e d  f o r  u s e  i n  
developing the  knowledge base f o r  the expert  system. These 
sources include both wr i t t en  documents and human exper ts ,  as  
outl ined i n  t a b l e  3. The w r i t t e n  documents include both a u d i t  
and r e t r o f i t  manuals t h a t  have been developed f o r  s p e c i f i c  
r e t r o f i t  programs o r  a s  genera l  guides f o r  r e t r o f i t  planning 
(~iamond e t  a 1  1982, Energy Resources Center 1983, Knight 1981, 
Plarbek 1984, Marshall and Argue 1981) . These documents provide 
both genera l  and s p e c i f i c  information f o r  locat ing and repai r ing 
a i r  l e a k a g e  s i t e s  i n  h o u s e s .  They w i l l  b e  u s e f u l  f o r  
ident i fy ing s p e c i f i c  a i r  leakage sites i n  ex i s t ing  bui ld ings  and 
determining appropriate r e t r o f i t  measures f o r  t h e i r  r e p a i r -  
Repor ts  on s p e c i f i c  r e t r o f i t  d e m o n s t r a t i o n  p r o j e c t s  and 
d i s c u s s i o n s  o f  spec  i f  i c  energy a u d i t i n g  t e c h n i q u e s  w i l l  b e  
u s e f u l  i n  i d e n t i f y i n g  a i r  l eakage  s i t e s  and i n  s u g g e s t i n g  
appropriate measures f o r  t h e i r  r epa i r .  There a r e  a l s o  many 
g u i d e s  t o  e n e r g y - e f f i c i e n t  house c o n s t r u c t i o n  which s u p p l y  
spec i f i c  information f o r  building houses with high l eve l s  of 
thermal i n t e g r i t y  (Elmroth and Levin 1983, Erye and Jennings 



1983, Nisson and Dutt 1985). Many desc r ip t ions  of const ruct ion 
d e t a i l s  a r e  inc luded  t o  e n a b l e  c o n s t r u c t i o n  o f  b u i l d i n g  
envelopes which a r e  extremely well-insulated and a i r t i g h t .  It 
may be assumed tha t  these  d e t a i l s  have been redesigned with s o  
much a t t e n t i o n  because they have been the  source of problems i n  
p a s t  c o n s t r u c t i o n .  T h e r e f o r e  t h e s e  e n e r g y - e f f i c i e n t  
c o n s t r u c t i o n  g u i d e s  may b e  s o u r c e s  o f  a i r  l eakage  s i t es  i n  
ex i s t ing  bui ld ings  and, i n  some cases ,  of r e t r o f i t  measures f o r  
t h e i r  r e p a i r ,  There a r e  a l s o  house const ruct ion guides t h a t  
d e s c r i b e  t h e  t e c h n i q u e s  used f o r  b u i l d i n g  more t y p i c a l  U . S .  
homes, a s  w e l l  a s  a r c h i t e c t u r a l  g u i d e s  t h a t  p r o v i d e  g e n e r a l  
c l a s s i f i c a t i o n s  of houses and use fu l  terminology f o r  the  exper t  
system. 

There a r e  a v a r i e t y  of human exper ts  ava i l ab le  f o r  developing 
the knowledge base of the  expert  system, a s  l i s t e d  i n  t a b l e  3. 
House doctors  and other  expert  aud i to r s  a r e  sources of both the  
f a c t u a l  information and h e u r i s t i c s ,  These aud i to r s  have a g r e a t  
d e a l  of experience i n  inspecting and r e t r o f i t t i n g  houses. They 
know of many a i r  leakage s i t e s ,  t h e i r  causes and e f f e c t s ,  and 
appropr ia te  r e t r o f i t  measures f o r  t h e i r  r epa i r .  They a l s o  have 
o b s e r v e d  many r e l a t i o n s h i p s  b e t w e e n  h o u s i n g  s t y l e  a n d  
const ruct ion,  and the  exis tence  of spec i f  i c  a i r  leakage sites,  
which w i l l  be  used i n  developing the  problem solving h e u r i s t i c s  
l i s t e d  i n  t a b l e  2. The approaches t h a t  they use i n  conducting 
t h e i r  a u d i t s  w i l l  b e  u s e d  i n  d e v e l o p i n g  t h e  s t r a t e g i c  
h e u r i s t i c s .  Energy-efficient housing designers and bu i lde r s  a r e  
sources of genera l  knowledge on how t o  bui ld  houses properly,  
t h e r e b y  a v o i d i n g  t h e  problems t h a t  a r e  t h e  domain of  t h i s  
system. Another source of human exper t i se  a r e  home inspectors  
t h a t  a r e  used by prospective purchasers of houses t o  determine 
the  condi t ion  of t h e  house i n  question. These inspectors  a r e  
fami l i a r  with many aspects  of const ruct ion and the  types of 
d e f e c t s  t h a t  occur  i n  houses .  T h e i r  e x p e r i e n c e ,  and t h e  
approaches they use t o  inspect  houses, may a l s o  be use fu l  i n  
developing t h e  knowledge base of the  expert  system. 

3 . 0  MOISTURE-DIAGNOSIS PROTOTYPE SYSTEM 

I n  developing an exper t  system, i t  i s  genera l ly  suggested t h a t  
one produce a prototype system t h a t  d e a l s  wi th  a l imited aspect  
of one's problem domain. This process a s s i s t s  i n  choosing an 
appropriate software approach f o r  the  problem a rea  of concern 
and i n  providing the  system developer with experience t h a t  is 
useful  i n  planning beyond the  prototype system. Based on t h i s  
recommended s t a r t i n g  p o i n t ,  a p r o t o t y p e  sys tem i s  b e i n g  
developed i n  an t i c ipa t ion  of producing the a i r  leakage exper t  
system discussed above. This prototype i s  r e s t r i c t e d  t o  the  
diagnosis  of moisture re la ted  problems i n  houses and is c a l l e d  
AIRDM. The development of AIRDEX has employed severa l  use fu l  
documents on m o i s t u r e  problems i n  b u i l d i n g s  t h a t  c o n t a i n  
d iscuss ions  of general  i ssues  as  wel l  a s  case s tud ies  (Bales and 
T r e c h s e l  1984,  Eakes 1982,  NCAT 1983,  NRCC 1984,  Woods and 



Lovatt 1986). The development of t h i s  prototype has been an 
evolutionary process with modificat ions being made continuously. 
The desc r ip t ion  of AIRDEX t h a t  follows therefore  presents  only 
i t s  b a s i c  s t r u c t u r e  w i t h  s e v e r a l  examples of  i t s  d e t a i l e d  
content.  Roughly one-half of a person-year has been expended i n  
the development of AIRDM. 

Rather than put t ing  a g r e a t  d e a l  of e f f o r t  a t  t h i s  e a r l y  s t age  
i n t o  s o f t w a r e  d e v e l o p m e n t  t h a t  m i g h t  t u r n  o u t  t o  b e  
inappropriate t o  t h i s  problem domain, AIRDEX is  being w r i t t e n  i n  
a commercially ava i l ab le ,  microcomputer-based expert  system 
s h e l l .  Such a s h e l l  allows one t o  e n t e r  the  r u l e s  c o n s t i t u t i n g  
one's knowledge base and quickly g e t  a working system on l i n e .  
The s h e l l  being employed is  a goal-driven, backward-chaining 
system i n  which the  exper t  system developer e n t e r s  a goal  o r  
goals  and a s e r i e s  of "if-then" r u l e s ,  i n  the  form of a t e x t  
f i l e .  This f i l e  i s  then "compiled" with the  s h e l l .  When t h e  
expert  system i s  run, the  s h e l l  attempts t o  prove a s  t r u e  o r  
f a l s e  those r u l e s  t h a t  con ta in  the  system goals  a s  t h e i r  "then" 
statements o r  consequents. The s h e l l  does t h i s  by examining the  
I# if 11 p o r t i o n s ,  o r  a n t e c e d e n t s ,  of  t h e s e  same r u l e s ,  and 

attempting t o  prove a s  t r u e  o r  f a l s e  the  r u l e s  t h a t  have these  
goal  antecedents a s  t h e i r  consequents. The s h e l l  backtracks i n  
t h i s  manner u n t i l  i t  requires  antecedents t h a t  a r e  not  concluded 
by any r u l e s .  The e x p e r t  sys tem u s e r  i s  t h e n  prompted t o  
p r o v i d e  i n f o r m a t i o n  r e g a r d i n g  t h e s e  a n t e c e d e n t s  i n  a n  
a p p r o p r i a t e  form such a s  numeric q u a n t i t i e s ,  t r u e  o r  f a l s e  
responses t o  a s s e r t i o n s ,  o r  se lec t ions  among l is ts  of responses. 
I n  a d d i t i o n  t o  proving o r  d i s p r o v i n g  t h e  f i n a l  g o a l ,  much 
i m p o r t a n t  i n f o r m a t i o n  i s  c o n t a i n e d  i n  t h e  i n t e r m e d i a t e  
conclusions t h a t  a r e  proven o r  disproven i n  the  attempt t o  prove 
the  f i n a l  goal .  

The expert  system s h e l l  used f o r  AIRDEX allows one t o  a s s o c i a t e  
a confidence l e v e l ,  from 0 t o  100, with user  inputs o r  with t h e  
conclusions of ru les ,  Several d i f f e r e n t  ru les  may have the  s a m e  
conclusion b u t  d i f f e r e n t  confidence l e v e l s ,  depending on the  
s t rength  of the  supporting fac t s .  The use of confidence l eve l s  
a l lows  one t o  d i s t i n g u i s h  between l i n e s  o f  r e a s o n i n g  w i t h  
d i f f e r e n t  degrees of c e r t a i n t y .  

In  AIRDEX the  f i n a l  goal  i s  t o  determine the  so-cal led "Problem" 
tha t  i s  causing the "Symptom" of the moisture problem(s) . There 
may be more than one such Problem t h a t  is proven t o  be t r u e ,  and 
a sample l i s t  of Problems includes: 

1. I n t e r i o r  r e l a t i v e  humidi ty  t o o  h i g h  from e x c e s s i v e  
moisture sources 

2 .  I n t e r i o r  r e l a t i v e  humidi ty  t o o  h i g h  from i n s u f f i c e n t  
v e n t i l a t i o n  

3. Cold e x t e r i o r  envelope surfaces  
4. Excessive a i r f low from l iv ing  space t o  a t t i c  
5. I n s u f f i c i e n t  a t t i c  v e n t i l a t i o n  
6. Wind-driven moisture penetrat ion i n t o  walls  



7.  Excessive basement moisture 
8. Plumbing o r  roof leak 

Several d i f f e r e n t  r u l e s  w i l l  conclude t h a t  the  Problem is one of 
the  above, b u t  they a r e  a l l  of  the  bas ic  form: 

IF Symptom i s  
AND The house c h a r a c t e r i s t i c s  a r e  known 
AND The Moisture Problem i s  
THEN The Problem is  

Examination of the  form of t h e  above r u l e  ind ica tes  how the  
system runs.  The goa l  of the  system is  t o  prove o r  disprove 
r u l e s  wi th  a consequent of the  form "Problem is  11 

Proving t h e  v a l i d i t y  o f  t h e s e  consequen t s  r e q u i r e s  t h r e e  
s e p a r a t e  a n t e c e d e n t s  t o  b e  t r u e .  These a n t e c e d e n t s  c o n c e r n  
"Symptoms", house c h a r a c t e r i s t i c s  and "Moisture Problems ," and 
they a r e  inves t iga ted  i n  the  order  l i s t e d .  The system f i r s t  
t r i e s  t o  p rove  a s  t r u e  t h a t  t h e  "Symptom" o f  t h e  m o i s t u r e  
r e l a t e d  p r o b l e m  i s  t h a t  o n e  g i v e n  i n  t h e  r u l e  b e i n g  
inves t iga ted .  I n  p r a c t i c e  t h i s  means the  system has the  use r  
speci fy  what the  symptom(s) i s  ( a r e ) .  There a r e  many poss ib le  
Symptoms t h a t  the  u s e r  can choose from and they include: 

1 , Window condensation 

2. Wall mold 

3 .  Basement moisture (puddles, e f f lorescence ,  . . .) 
4. A t t i c  misture (mold, i c e ,  wet insu la t ion  ,... ) 
5. Ex te r io r  s id ing damage 

6 .  W e t  sur faces  (wa l l s ,  f l o o r s  , c e i l i n g s )  

The system therefore  begins by asking the  use r  t o  choose from 
among these  genera l  symptom types,  and more than one symptom can 
be se lec ted  i f  appropriate.  

After  the  Symptoms a r e  se lec ted ,  the  next  antecendent i n  the  
r u l e  i s  "The house c h a r a c t e r i s t i c s  a r e  known." This statement 
i s  the  conclusion of a s e r i e s  of r u l e s  t h a t  has the  system 
r e q u e s t  from t h e  u s e r  some b a s i c  i n f o r m a t i o n  r e g a r d i n g  t h e  
house. This information includes the  number of  occupants,  f l o o r  
a rea ,  year  of cons t ruct ion ,  whether the  house a i r t i g h t n e s s  has 
been measured, and whether the re  i s  a basement, a t t i c  o r  crawl 
space. Once t h i s  information has been gathered ,  the  system .pa 
concludes as t rue  t h a t  "The house c h a r a c t e r i s t i c s  a r e  known," 
and the  system proceeds t o  the  next antecedent i n  the  ru le .  

F i n a l l y ,  cone l u s i o n  o f  a "Problem" be ing  t r u e  r e q u i r e s  t h e  
conclusion of a so-called "Moisture Problem." These Moisture 
Problems a r e  r e a l l y  j u s t  more s p e c i f i c  d e s c r i p t i o n s  o f  t h e  
problems causing the  house's e x i s t i n g  moisture symptoms. I n  the  



most c u r r e n t  vers ion  of the  AIRDEX prototype,  these  Moisture 
Prob lems inc  lude : 

1. Excessive moisture sources 

2. I n s u f f i c i e n t  v e n t i l a t i o n  

3. Uninsulated wal ls  

4. Poorly insula ted  wal ls  

5. Thermal br idges  

6. Cold rooms 

7 .  Basement wa l l  water leakage 

8. Exposed crawl space 

9. Poor rainwater  runoff 

10. Poor foundation drainage 

11. Bath exhaust fan exhausting i n t o  a t t i c  

12. A i r  leakage a t  a t t i c  f l o o r  

13. Undersized a t t i c  vents  

Many o f  t h e s e  Mois tu re  Problems a r e  s i m i l a r  t o  t h e  f i n a l  
Problems, and t h i s  occurs i n  order  t o  maintain a p a r a l l e l  among 
the  many paths  t o  the  f i n a l  Problems. Proving of the  Moisture 
Problems a s  t r u e  o r  f a l s e  c o n s t i t u t e s  t h e  s u b s t a n c e  o f  t h e  
AIRDEX sys tem.  The i n v e s t i g a t i o n  o f  e a c h  Mois tu re  Problem 
requires  more s p e c i f i c  information on the  p a r t i c u l a r  symptom(s) 
t h a t  i s ( a r e )  occuring and house c h a r a c t e r i s t i c s .  

I n  t h e  c u r r e n t  v e r s i o n  of  AIRDEX, t h e  Mois tu re  Problems o f  
excessive moisture sources and i n s u f f i c i e n t  v e n t i l a t i o n  a r e  
inves t iga ted  i n  the  most d e t a i l ,  while some of the  Moisture 
Problems do n o t  y e t  serve  a s  the  conclusions of  any r u l e s  wi th in  
t h e  sys tem.  The means o f  d e t e r m i n i n g  whether  " e x c e s s i v e  
moisture sourcestt  and " i n s u f f i c i e n t  ven t i l a t ion"  a r e  Moisture 
Problems is  described below. Regarding the  determination of 
whether t h e  Moisture Problem i s  excessive moisture sources a 

AIRDEX cons iders  seve ra l  sources of moisture and assoc ia tes  a 
weighting f a c t o r  with each. For example, the  weighting f a c t o r  
associated wi th  a c lo thes  dryer  venting i n t o  the  basement o r  
l iv ing  space is  equal  t o  ten  times the  number of  occupants. 
Unvented space hea te r s  a r e  weighted a t  two times the  number of 
hours operated per  week. The o the r  sources include whole house 
and loca l  humidi f iers ,  p l a n t s ,  firewood s tored  indoors,  indoor 
pools,  hot  tubs and saunas, basement water leakage, crawl space 
moisture, and the  f a c t  t h a t  the  house was recen t ly  cons t ructed .  
The user  is  asked t o  i d e n t i f y  which sources e x i s t  wi th in  the  



house and t o  p r o v i d e  any a d d i t i o n a l  i n f o r m a t i o n  r e q u i r e d  t o  
determine t h e  weighting f a c t o r  associated with each source. 
Af ter  the  weighting fac to r  of each source is  es tab l i shed ,  a l l  of 
t h e  i n d i v i d u a l  we igh t ing  f a c t o r s  are added t o g e t h e r .  An 
a r b i t r a r y  c u t o f f  between the  exis tence  of an excessive source 
problem and the  lack of such a problem is a t o t a l  weighting 
fac to r  of one hundred. A t o t a l  of g r e a t e r  than two hundred i s  
label led  a s  a ser ious  problem, and a t o t a l  between f i f t y  and one 
hundred is label led  a s  marginal. The values of these weighting 
fac to r s  and these c u t o f f s  a r e  based on the  judgement of t h e  
system's developers. These weighting f a c t o r s  a r e  used i n  order  
t o  avoid  p h y s i c a l  u n i t s  f o r  f e a r  t h a t  t h e y  may t h e n  b e  
associated wi th  a higher degree of physical  s ign i f i cance  than 
appropriate.  One problem with these  weighting f a c t o r s  is t h a t  
i f  the  background information (e.g. hours per  week of unvented 
hea te r  use) is not  ava i l ab le ,  the  corresponding weight can n o t  
be  determined. In  add i t ion ,  t h i s  scheme has the  shortcoming of 
judging t h e  sources' excessiveness without any reference  t o  
house volume o r  a i r t i g h t n e s s ,  

The e x i s t e n c e  o f  t h e  M o i s t u r e  P r o b l e m  o f  i n s u f f i c i e n t  
v e n t i l a t i o n  i s  based on a comparison of the  house's estimated 
v e n t i l a t i o n  r a t e  and t h e  d e s i r e d  v e n t i l a t i o n  r a t e  based on 
v e n t i l a t i o n  requirements. The estimated v e n t i l a t i o n  r a t e  is  
derived from the  house a i r t i g h t n e s s  a s  determined by a whole 
house p ressur iza t ion  t e s t .  The p ressur iza t ion  test r e s u l t  i n  
u n i t s  of a i r  changes pe r  hour a t  50 Pa is simply divided by 
twenty t o  ob ta in  a crude e s t i m a t e . o f  the  cur ren t  v e n t i l a t i o n  
r a t e ,  The des i red  v e n t i l a t i o n  rate is set equal t o  the  l a r g e r  
of two ca lcu la ted  v e n t i l a t i o n  r a t e s ,  one based on the number of 
rooms and t h e  o the r  based on the  number of occupants. The room- 
based v e n t i l a t i o n  r a t e  is  simply the  number of  rooms mul t ip l ied  
by 5 l /s  and divided by t h e  house volume t o  obta in  a i r  changes 
per hour. The people-based v e n t i l a t i o n  r a t e  i s  equal  t o  t h e  
number of occupants mul t ip l ied  by 2.5 l /s  and divided by the  
house volume. The cur ren t  and the  des i red  v e n t i l a t i o n  r a t e s  a r e  
t h e n  c o m p a r e d  t o  d e t e r m i n e  i f  t h e  h o u s e  h a s  s u f f i c i e n t  
v e n t i l a t i o n .  I f  t h e  cur ren t  v e n t i l a t i o n  r a t e  is l e s s  than o r  
equal t o  80% of the  des i red  r a t e ,  then i n s u f f i c i e n t  v e n t i l a t i o n  
i s  a problem. I f  the  cur ren t  r a t e  i s  between 80% and 95% of t h e  
des i red  r a t e ,  then i n s u f f i c i e n t  v e n t i l a t i o n  is only a poss ib le  
problem. I f  the  cur ren t  r a t e  is  within 5% of the des i red  r a t e ,  
t h e  h o u s e ' s  v e n t i l a t i o n  i s  p r o b a b l y  a d e q u a t e .  C u r r e n t  
v e n t i l a t i o n  r a t e s  t h a t  a r e  between 5% and 20% above t h e  des i red  
l e v e l  a r e  more l i k e l y  t o  be s u f f i c i e n t ,  and cur ren t  r a t e s  more 
than 20% above the  des i red  l e v e l  a r e  d e f i n i t e l y  adequate. This 
determination of the  suff ic iency of v e n t i l a t i o n  i s  s i m p l i s t i c  
and can no t  be  used i f  the house has not  been pressure t e s ted .  
It does n o t  consider o the r  methods of determining the  a c t u a l  
v e n t i l a t i o n  r a t e  such a s  a c t u a l  measurement o r  more physical  
p r e d i c t i o n  methods,  n o r  does  i t  employ any d e f a u l t  v a l u e s ,  
F ina l ly ,  t h e  suff ic iency of the  v e n t i l a t i o n  r a t e  i s  not  based a t  
a l l  on the  moisture generat ion r a t e  within the house. 



4.0 SYSTEM EVALUATION AND CURRENT EFFORTS 

There a r e  two important reasons f o r  beginning the  development of 
an exper t  system with a prototype such a s  AIRDEX. F i r s t ,  having 
a working sys tem e n a b l e s  e x p e r t s  i n  t h e  problem domain t o  
e v a l u a t e  t h e  sys tem by running i t  on sample problems and 
examining i t s  responses. Also, s ince  the  knowledge base is  
e x p l i c i t l y  v i s i b l e  i n  t h e  sys tem r u l e s ,  t h e s e  e x p e r t s  c a n  
examine i t s  content  and the  system's organizat ion.  The second 
b e n e f i t  of developing a prototype i s  t h a t  through the  process of 
forming t h e  knowledge base r u l e s  the  system's developers obta in  
ins igh t s  t h a t  can r e s u l t  i n  improvements t o  the  system. The 
development of AIRDEX and i t s  examination by severa l  exper ts  i n  
r e s i d e n t i a l  moisture has been a valuable process and has led t o  
severa l  proposed improvements. I n  add i t ion ,  f u r t h e r  examination 
o f  t h e  r e l e v a n t  l i t e r a t u r e  by t h e  system's d e v e l o p e r s  has  
revealed o t h e r  improvements t h a t  can be made i n  the  system. 

The evaluat ion of AIRDEX involved severa l  exper ts  i n  r e s i d e n t i a l  
m o i s t u r e  i s s u e s  who a p p l i e d  sample problems t o  t h e  sys tem,  
examined t h e  r u l e s  c o n t a i n e d  i n  t h e  sys tem l i s t i n g ,  and 
discussed moisture problem diagnosis  i ssues  with the  sys tem 
developers. The r e s u l t s  of the  moisture experts '  evaluation,  a s  
w e l l  a s  t h e  system's developers ins igh t s ,  concern three  bas ic  
areas: t h e  predominant moisture problems t h a t  occur i n  houses, 
t h e  q u a n t i f i c a t i o n  o f  m o i s t u r e  s o u r c e  s t r e n g t h s ,  and t h e  
i n f o r m a t i o n  t h a t  i s  o f t e n  c o n t a i n e d  i n  t h e  symptoms o f  t h e  
problems . 

4.1 PredominantMoistureProblems 

While t h e r e  is l e s s  hard d a t a  than anecdotal experience, the  
predominant cause of l i v i n g  space moisture problems appears t o  
be excessive sources of moisture. I f  t h i s  is  indeed t rue ,  then 
the  system should f i r s t  inves t iga te  the  existence of unusually 
strong sources,  r a t h e r  than beginning with equal expectat ions 
t h a t  t h e  problem is  due t o  e x c e s s i v e  s o u r c e s ,  i n s u f f i c i e n t  
v e n t i l a t i o n ,  o r  c o l d  s u r f a c e s .  S i m i l a r l y ,  t h e  predominant  
causes of a t t i c  moisture problems a r e  a i r f low i n t o  the  a t t i c  
from the l i v i n g  space, inadequate a t t i c  v e n t i l a t i o n ,  and reduced 
a t t i c  temperatures due t o  recent  insu la t ion  work. Thus, i n  
attempting t o  diagnose the  cause of a t t i c  moisture problems, one 
can assume t h e s e  f a c t o r s  p robab ly  e x i s t  and c o n c e n t r a t e  on 
d e t a i l s  of a i r f low paths i n  the  a t t i c  f l o o r ,  a t t i c  venting and 
recent  a t t i c  insu la t ion  work. The o the r  predominant moisture 
problems a p p e a r  t o  b e  wind-driven r a i n  p e n e t r a t i o n  o f  t h e  
building envelope, leaky pipes and roofs ,  and poor rainwater  
runoff and foundation drainage. The f a c t  t h a t  these  common 
causative f a c t o r s  e x i s t  suggests t h a t  the  system concentrate on 
these i s sues  f i r s t ,  r a t h e r  than using the open-ended approach of 
t h e  c u r r e n t  v e r s i o n ,  The approach t h a t  has  been t a k e n  i n  
developing A1RI)EX is t o  employ a thorough inves t iga t ion  of the  



c h a r a c t e r i s t i c s  of the  house, occupants and symptoms and draw 
conclusions based on t h i s  information. Continuing t o  develop 
AIRDEX i n  t h i s  manner would u l t ima te ly  r e s u l t  i n  a very l a rge  
sys tem,  and i n  a time-consuming and seemingly  u n d i r e c t e d  
i n t e r a c t i o n  with the  user .  The a b i l i t y  t o  begin with reasonable 
expectat ions of the causes of r e s i d e n t i a l  moisture problems w i l l  
be  used t o  make fu tu re  versions of AIRDEX more d i r e c t  i n  i t s  
inves t igat ions .  

4.2 Quan t i f i ca t ion  of Moisture Source Strengths 

The d i s c u s s i o n s  w i t h  r e s i d e n t i a l  m o i s t u r e  e x p e r t s  and  
examina t ions  of  t h e  l i t e r a t u r e  have a l s o  l e d  t o  q u e s t i o n s  
r e g a r d i n g  t h e  a p p r o p r i a t e  manner  o f  q u a n t i f y i n g  s o u r c e  
s t rengths .  A s  discussed above, t h e  cur ren t  version of AIRDEX 
employs a n o n p h y s i c a l  we igh t ing  scheme t o  d e t e r m i n e  i f  t h e  
various moisture sources i n  the house c o n s t i t u t e  an excessive 
m o i s t u r e  g e n e r a t i o n  r a t e .  The e x p e r t s  who e v a l u a t e d  AIRDEX 
suggested a more physical  and d e t a i l e d  approach t o  quantifying 
s o u r c e  s t r e n g t h s  and t o  d e t e r m i n i n g  t h e  e x i s t e n c e  of a n  
excessive source problem. The suggested approach includes using 
physical u n i t s  f o r  moisture source s t r eng ths ,  and considering 
the house volume and v e n t i l a t i o n  r a t e  i n  determining whether t h e  
source is  excessive . 
While the  moisture generat ion r a t e s  associated with some of the  
sources are d i f f i c u l t  t o  know, many of them can be  quant i f ied  i n  
physical terms ( l i t e r s  per  day, l i d )  and associated with f a c t o r s  
r e la ted  t o  t h e  occupants and the  s t ruc tu re .  In  add i t ion ,  some 
g e n e r a t i o n  r a t e s  c a n  b e  determined w i t h  g r e a t e r  o r  l e s s e r  
c e r t a i n t y  depending on which f a c t o r s  a r e  used t o  determine t h e i r  
v a l u e s .  The d e g r e e  of  c e r t a i n t y  i n  t h e  d e t e r m i n a t i o n  o f  a 
p a r t i c u l a r  source s t r eng th  can be r e f l e c t e d  within the  system by 
the  value of an associated confidence l eve l .  For example, the  
moisture generat ion r a t e  associated with a c lo thes  dryer  t h a t  i s  
vented indoors i s  re la ted  t o  the number of loads per week and 
can be converted t o  l /d  based on an assumption a s  t o  the  number 
o f  l i t e r s  o f  w a t e r  a s s o c i a t e d  w i t h  a l o a d  o f  l a u n d r y .  
Al ternat ively ,  one can est imate the  generat ion r a t e  associated 
with a c lo thes  dryer  with l e s s  c e r t a i n t y  by basing i t  on the  
number of occupants and assuming a value f o r  the  number of loads 
p e r  o c c u p a n t .  S i m i l a r l y ,  t h e  m o i s t u r e  g e n e r a t i o n  r a t e  
a s s o c i a t e d  w i t h  h o u s e p l a n t s  i s  most d i r e c t l y  r e l a t e d  t o  t h e  
amount of water used, followed by the  frequency of watering, and 
f i n a l l y  the  number of p lants .  The r e l a t i o n  between generat ion 
r a t e s  and t h e s e  v a r i o u s  f a c t o r s  w i l l  n o t  always b e  w e l l -  
es tabl ished,  but  a more physical  and quan t i t a t ive  approach t o  
t h e i r  d e t e r m i n a t i o n  w i l l  b e  employed i n  f u t u r e  v e r s i o n s  of  
A1 RDEX . 
The recommendation of  a more p h y s i c a l  approach t o  s o u r c e  
s t rengths  goes along with a more quan t i t a t ive  considera t ion of  
the  v e n t i l a t i o n  r a t e  i n  determining the  indoor l e v e l  of r e l a t i v e  
humidity, and the  reason the humidity may be too high. Current 



vers ions  of AIRDEX consider  the  ques t ion  of adequate v e n t i l a t i o n  
w i t h  r e f e r e n c e  t o  v e n t i l a t i o n  s t a n d a r d s  o n l y ,  and t h e n  o n l y  
assoc ia te  a v e n t i l a t i o n  r a t e  with a house i f  the  s t r u c t u r e  has 
been p r e s s u r e  t e s t e d .  F u t u r e  v e r s i o n s  w i l l  a lways u s e  a 
numerical va lue  f o r  the  v e n t i l a t i o n  r a t e  i n  combination with the  
m o i s t u r e  s o u r c e  s t r e n g t h  t o  d e t e r m i n e  an i n t e r i o r  r e l a t i v e  
humidity l eve l .  The v e n t i l a t i o n  r a t e  w i l l  be  associa ted  with 
varying degrees of c e r t a i n t y  depending on the  source of i t s  
v a l u e .  I f  t h e  v e n t i l a t i o n  r a t e  i s  based on t r a c e r  g a s  
measurements i t  w i l l  b e  a s s o c i a t e d  w i t h  a h i g h  d e g r e e  o f  
c e r t a i n t y .  Lesser degrees of c e r t a i n t y  w i l l  be associated with 
v e n t i l a t i o n  r a t e s  based on p r e s s u r i z a t i o n  t e s t  r e s u l t s  i n  
combination with models, es t imates  based on house fea tu res  such 
a s  age and c o n d i t i o n ,  and d e f a u l t  v a l u e s .  Such a p h y s i c a l  
approach t o  determining i n t e r i o r  r e l a t i v e  humidity i s  super ior  
t o  t h e  c u r r e n t  a r b i t r a r y  we igh t ing  scheme t h a t  n e g l e c t s  t h e  
v e n t i l a t i o n  r a t e  and the  house volume. 

Based on t h e  e x p e r t  e v a l u a t i o n s  and f u r t h e r  s t u d y  of  t h e  
l i t e r a t u r e ,  fu tu re  vers ions  of AIRDEX w i l l  employ an a l t e r n a t i v e  
t o  the numerical determination of the  exis tence  of excessive 
s o u r c e  s t r e n g t h s  d i s c u s s e d  above. Th i s  a l t e r n a t i v e  w i l l  
i n v e s t i g a t e  the  exis tence  of exceptional  moisture sources before  
employing t h e  above numer ica l  approach.  Some r e s i d e n t i a l  
moisture exper t s  be l i eve  t h a t  unless  the  house i s  very t i g h t ,  
t yp ica l  moisture sources w i l l  no t  lead t o  excessive i n t e r i o r  
r e l a t i v e  humidity. These typ ica l  sources include r e s p i r a t i o n ,  
bathing,  p l a n t s ,  cooking and dishwashing, c lo thes  drying (even 
i f  vented t o  the  i n t e r i o r ) ,  and indoor firewood s torage .  This 
viewpoint maintains t h a t  there  must be  unusual sources such a s  
unnecessari ly high l eve l s  of i n t e n t i o n a l  humidif icat ion,  high 
moisture con ten t  i n  bui ld ing mate r i a l s  i n  a newly constructed 
bu i ld ings ,  a new building t h a t  was closed-in during a r a iny  
period,  the  exis tence  of an indoor pool o r  at tached greenhouse, 
o r  a very l a rge  number of occupants. I f  these extreme sources 
can be determined t o  e x i s t  with a high degree of c e r t a i n t y ,  i t  
may be unnecessary t o  go through the  d e t a i l e d  evaluat ion  of l e s s  
i m p o r t a n t  s o u r c e s  and v e n t i l a t i o n  r a t e .  A l e s s  c e r t a i n  
d e t e r m i n a t i o n  of t h e  e x i s t e n c e  of such  ext reme s o u r c e s  w i l l  
increase the  need t o  employ the  d e t a i l e d  evaluat ion  discussed 
above . 

4.3 Information from Spm~toms 

The l a s t  item t h a t  was learned from the  i n t e r a c t i o n  with the  
m o i s t u r e  e x p e r t s  i s  t h e  a b i l i t y  t o  u s e  i n f o r m a t i o n  on t h e  
symptoms t o  learn  about the  cause and s e v e r i t y  of the  moisture 
problem. A good example of t h i s  use of symptoms is the  case  of 
window condensation and information on i t s  timing, extent  and 
durat ion.  I f  window condensation occurs a l l  winter long i t  is a 
s ign  of continuously excessive indoor r e l a t i v e  humidity and a 
s e v e r e  problem. On t h e  o t h e r  hand,  s p o r a d i c  occurences  o f  
window condensation may provide information on the source of the  



mois ture ,  For  example, i f  window condensat ion i s  a s soc i a t ed  
wi th  cooking,  ba th ing  o r  unvented h e a t e r  u se ,  one probably knows 
the  source  of  t he  exces s ive  mois ture  and t h e r e f o r e  has a  good 
i n d i c a t i o n  on how t o  remedy t h e  s i t u a t i o n .  The d u r a t i o n  of  
sporadic  occurences r e v e a l s  information about t he  s e v e r i t y  of 
the  problem. I f  condensat ion occurs  dur ing  showers o r  cooking 
and then  d r i e s  up qu ick ly ,  then t h e r e  probably i s  n o t  much of  a  
problem. But i f  t he  moisture remains f o r  many hours ,  then t h e  
source needs t o  be c o n t r o l l e d .  S i m i l a r l y ,  t h e  l o c a t i o n  of t h e  
c o n d e n s a t i o n  p r o v i d e s  i n f o r m a t i o n  on t h e  s e v e r i t y  o f  t h e  
problem. I f  t h e  windows i n  a l l  rooms e x h i b i t  condensat ion,  then  
the  problem is more seve re  than i f  t he  condensat ion occurs  on ly  
i n  t h e  b a t h r o o m  o r  k i t c h e n .  T h e r e  a r e  o t h e r  c a s e s  where  
information regarding t h e  symptoms provide information on t h e  
problem's cause  and s e v e r i t y ,  and these  can be  used t o  qu ick ly  
g e t  t o  t h e  important  causes  r a t h e r  than ques t ion  t h e  u s e r  about  
a  g r e a t  many house  c h a r a c t e r i s t i c s ,  many o f  which  w i l l  b e  
i r r e l e v e n t  t o  t he  s i t u a t i o n .  

Many of  t h e  above conclus ions  based on t h e  exper t s '  e v a l u a t i o n ,  
the  developer 's moisture r e sea rch ,  and e f f o r t s  i n  developing 
AIRDEX, sugges t  the  inco rpora t ion  of t hese  h e u r i s t i c s  i n t o  t h e  
sys t em.  The c u r r e n t  v e r s i o n  o f  t h i s  p r o t o t y p e  s y s t e m  was 
organized w i t h  the  approach of i n v e s t i g a t i n g  almost every th ing ,  
i . e .  l o o k i n g  i n  d e t a i l  i n t o  many c h a r a c t e r i s t i c s  o f  t h e  
symptoms, house  and o c c u p a n t s .  The c u r r e n t  a l l - i n c l u s i v e  
approach, i f  pursued, would have r e s u l t e d  i n  a  l a r g e  system t h a t  
would ask t h e  use r  f o r  a  g r e a t  d e a l  of  information.  It now 
a p p e a r s  t h a t  i t  w o u l d  b e  b e t t e r  t o  d i r e c t  t h e  s y s t e m ' s  
i n v e s t i g a t i o n  towards those s p e c i f i c ,  dominant s i t u a t i o n s  t h a t  
were d i scussed  above. These inc lude  s t a r t i n g  t h e  d i a g n o s t i c  
i n v e s t i g a t i o n  by e x p e c t i n g  t h e  common c a u s e s  o f  m o i s t u r e  
problems, and i n  t he  c a s e  of  excess ive  gene ra t ion  r a t e s  looking 
f o r  unusual  moisture sources f i r s t .  I n  a d d i t i o n ,  key ques t ions  
r e g a r d i n g  c e r t a i n  symptoms s h o u l d  b e  used  t o  g e t  i m p o r t a n t  
information quick ly .  Such s treamlined i n v e s t i g a t i v e  procedures 
a r e  e x a c t l y  t he  type of u s e f u l  i npu t  t h a t  can be  provided by 
domain e x p e r t s  t o  make expe r t  systems work more quick ly  and 
e f f e c t i v e l y .  Future ve r s ions  of AIRDEX w i l l  be  modified t o  
employ t h e s e  "shor t -cu ts  ." 

5.0 SUMMARY 

I n  t h i s  paper  we have presented a  g e n e r a l  d e s c r i p t i o n  of an 
expe r t  system proposed t o  d e a l  wi th  a i r  leakage problems i n  
houses. This  system i s  intended t o  d e a l  w i th  t h e  d i agnos i s  and 
i d e n t i f i c a t i o n  of  s u c h  p r o b l e m s ,  a s  w e l l  a s  a s s i s t  i n  t h e  
planning o f  energy conserving r e t r o f i t s  a s  they r e l a t e  t o  a i r  
l e a k a g e .  T h i s  e f f o r t  h a s  begun w i t h  t h e  deve lopmen t  of  a  
pro to type  system, r e f e r r e d  t o  a s  AIRDEX, t h a t  d e a l s  wi th  t h e  
l imited domain of the  d i agnos i s  of moisture problems i n  houses.  
Ear ly  eva lua t ions  of AIRDEX by r e s i d e n t i a l  mois ture  e x p e r t s ,  a s  
wel l  a s  observa t ions  made by the  system's deve lopers  i n  t h e  



p r o c e s s  o f  f o r m u l a t i n g  and working w i t h  t h e  sys tem,  have 
revealed the  need t o  modify AIRDEX so  t h a t  i t  employs more of 
what is  known about the  na ture  of moisture problems i n  houses. 
The bas ic  e f f e c t  of these intended changes w i l l  be t o  a l t e r  
A I R D E X ' s  c u r r e n t  d i r e c t i o n  o f  a t t e m p t i n g  t o  c o v e r  a 1 1  
p o s s i b l i t i e s  with equal emphasis and t o  ins tead  have i t  begin by 
pursuing i ts  inves t iga t ions  along the  l i n e s  suggested by common 
moisture problems and by e x i s t i n g  knowledge concerning these  
problems , 
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Table 1 A i r  Leakage Problems 

Heat Loss/Gain: 
Excessive i n f i l t r a t i o n  r a t e s  
A i r  l e a k a g e  d e c r e a s i n g  t h e  e f f e c t i v e n e s s  o f  i n s u l a t i o n  

sys  tems 

Thermal Comfort : 
A i r  leakage causing cold/wam i n t e r i o r  surfaces  
A i r  leakage causing d r a f t s  

Moisture : 
E x f i l t r a t i n g  a i r  c o n t a c t i n g  c o l d  s u r f a c e s  w i t h i n  t h e  

bui ld ing envelope o r  l iv ing  space and condensing (winter )  
I n f i l t r a t i n g  a i r  c o n t a c t i n g  c o l d  s u r f a c e s  w i t h i n  t h e  

bu i ld ing  envelope o r  l iv ing  space and condensing (summer) 
Inadequate a t t i c  v e n t i l a t i o n  
Excessive moisture t ranspor t  from the  occupied space t o  the  

a t t i c  
Excessive moisture generat ion and inadequate removal within 

the  space 

Indoor A i r  Quality: 
Excessive po l lu tan t  sources s t r eng ths  
Inadequate v e n t i l a t i o n  - whole bui ld ing and/or l o c a l ,  and 

a s  a function of time 



Table 2 Outl ine of the  Knowledge Base 

Factual  In£  ormat ion 

Generic : 
Housing s t y l e s  
F loor  plans 
Roofs and foundations 
Unheated spaces - basements, a t t i c s ,  crawlspaces 

Construction: 
Envelope sys tems - framing, foundation;, i n s u l a t i o n  
D e t a i l s  - j o i n t s ,  seams, i n t e r f a c e s  
Accessories - doors ,  windows, dormers, overhangs 
Mechanical equipment 

Problems: See Table 1 

Symptoms : 
Heat Loss/Gain - Excessive u t i l i t y  b i l l s  
Comfort - Draf t s  
Moisture - Condensation, Mildew, Damage 
A i r  Quali ty - Stuf f iness ,  Lingering Odors, Chronic 

Respiratory Complaints 

Heur is t ics  

Problem Speci f ic  : 
Associat ions between bui ld ing types and cons t ruc t ion  

d e t a i l s  
Associat ions between bui ld ing types and a i r  leakage 

problems 
A s s o c i a t i o n s  btween c o n s t r u c t i o n  d e t a i l s  and a i r  

leakage prob lems 
Associat ions between a i r  leakage problems and symptoms 
A s s o c i a t i o n s  b e t w e e n  a i r  l e a k a g e  p r o b l e m s  and  

appropr ia te  r e t r o f i t s  

S t r a t e g i c  : 
Problem solving approaches 



Table 3 Knowledge Base Resources 

D o c u m e a t s  
Auditing and Ret rof i t  Manuals 
T e c h n i c a l  R e p o r t s  on R e t r o f i t  T e c h n i q u e s  and 

Demonstration Projects  
Energy-Ef f i c  i en t  Construction Guides 
Home Construction Manuals 
Archi tectural  Guides 

Human Experts 
House Doctors and Other Expert Auditors 
Energy-Ef f i c  i en t  Hous ing Des igners 
Energy-Ef f i c  i e n t  Housing Builders 
Home Inspec t o r s  


