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Expert 'systems are computer programs tnat assist users in 561Vingi'

'-_problems by applying human expértise encoded intoﬁ the program A

- computer< system called Expert ROKEY nas been constructed tnat includes“"

AL -

two expert systems (BXPAR and EXINS) and a contaminant transport model

;jft %ROKEY) RQKEf is[ an analytical code tnat accounts for/agyection, )

- f‘-' ) dispersion ‘}in tnree dimensions; eorption and first order decay‘
reactions. Tbe"-EXPAR system was developed to assist users in the

preparation of input data fon ROKEY. Tneisystem is partitioned into two

I

levels of operation. At the top 1evef is a set of computer forms tnatj '13

contain ~groups 'of related parameters and corresponding entry fields.
: oy, , ; ‘ | R Y ’

e ff Users can eitner volunteer ﬁarameter values or request help from ang

F ,._»., A

7.}information' for eacn parameter ‘and brief tutoriars for tne transport'i."

LR o _ P

& . Vo g, R

processes ' accounted for in. the, model"are’ included. gpe set of

- . : . ¥
. B 4

¢ -

assistance “program,' Elaboration programs that provide- supporting"

‘ assistance and elaboration prsgramsﬁ represent ,tne bottem level oftt'

¢

»

s, the user' S responses to a 'series. of questions and checklists..

- CY

e r”; Tne results of an evaluation(exercise demonstrated tnat EXPAR was

'

' partially unsuccessful at providing assistance but it was successful inl

T . e o

'_ terms of numan &ngineering aspects. rt is anticipated that one more ‘

-development stage would be needed before tne system can attain a nign
L AR
level of tecnnical performance. Based _og an informal assessment it
A :

appears that %he design bf EXINS will be 'suitable for accomplisning its

tasx. Therefore, continued déVelopment is warranted.

» . ) - (YR . . . L -

et - L . = L

_'quAR, The EXINS system was deSigned to assist users- in planning tne-‘-

first ‘stage- of “a monitoring strategy The strategy is based mainly onf,

v
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v '-.‘ .’, . - I'.
« . ( Onew‘of the.mbét important achievements in the fieXl of artificial .
- v S S g ‘

: intelligence .nas beén'?ﬁne deVelopment'of innovaEiveﬂcomputer‘programs“fnl

1 known as expert systems. Expert*systems are’ desi ned to assist users in R

v . canen

'solving 1engtny or difficult roblems quickly and‘effectively.anese
N

_systems have tnis capability‘ because‘)tney contain tne ,specific

>

,-' “knowledqe utilized by experts to solve a well-de /m'e&):ype of Wroblem,

L €and operate by applying tnis expertise to a user s particular probiem.L

5 Most systems include featqus tnat provide debailed de%ériptions of. E')'u-z'f"i

Y

preblem-solving proceSstTand supporting information tnat willtincrease’

' 'tne‘ user's understanding of tne problem. COnsequently. an. expert system« .
‘can become a valuable tool for ennancing a nser s overall capabilities:
and productivity; ; '__- SR

Since tneir inceptiotﬁin the early 1970 8, many systems nave be n -

-
-

built in diverse' areas sucn as cﬁ%mistry, mediqine, businoss andf

'geology Tne pioneering sj!tems include DENDRAL HYCIN and PROSPECTOR.V

S L, .
: DENDRAL interpr ts experimental' data to deteqmina the - cnemical. o
s ~- : % .
“_ & strhcture of an’ unknown compound The HYCINﬁsystem diaqnoses,infectiouslv

=]
N blood diseases -and . recommends treatment 'plaqi\ PROSPECTOR assists-

RS

geologists with tne evaluation of sites for the presence of varioue:'
7 .

'_~ _ tYpes of  ‘ore deposits. Hore recent applications‘ofvexpert~systems in; .

. -

éeoiggf include ELAS and Dipmeter Advfsor botn of wnicn assist in the- ,

lb

ana ISis' of oil well 1oq data..Prior to tne completion of tnis project,<

o D wly, S
expert systems in nydrogeology were not available. .E_“f:w{ ot "

IR This tnesis examines tne design and appiicqtion .Of. export systoms '

.

to problems in contaminant n{drgg::logy Tne investigatlon 1nvolved tne
P : o R .

L e



L

-

'transport ' processes represented inv the model; The}

“to an _existing contamination -site are presented and discussed in

in nydrogeo‘lo'gy._»‘t

'.development of a pomputer system that qontains two- expert systems._One x

-

f;system is designed to a551st and adVise a user in preparing a set .of

. recommends the first stage of a monitoring strategy.

Chapter 2 gives an overview of. expert systems for those who are .

~

T not familiar with the technology. The problems selectem in this pro;ect*
’ for which the two expert systems were. to solve are discussed in Chaptep~"

. A] - s, ‘
‘ ?;’vk- summary of the objectives for the expert systems and the computer

]

:system also is presented in this chapter Chapter 4 prOVides detailed_ N

| descriptions of the designs of the two expert systems. Due to the sszes
"‘jof:» the systems, ‘hydrogeological descriptions are limited to the
:ld presentation of represéptative examples. The rTesults ot an evaluation:'

'exerCise in- which a group of %est subjects applied the computer system B

-

VChapter_~5._ The final chapter gives the concluding remarks for the

project and -.discusses the relevance of the research to other problems
) ERREN. : T e »



2. OVERVIEW OF EXPERT SYSTEMS .
> . "';L’t ) v . . .

. A brief discuSSion of expert systems‘is presented in this chapte‘

¢
: :for those readers WhO are ' unfamiliar With th technology Numer

architectures,g structures and styles Di user/system interaction have

-

evolved over the past decade. Therefore the emphasis in this chapter
oo -
._is on vthose features_ that ;elate to this thesis project Huch of the

A

'following ‘is based on informatio?kpresented in the introductory texts

BRI

written by Goodall (1985), _Waterman (1986), and Weiss and Kulikowski

- | RIS SGE
(‘984) IR e

-

2. mgﬂi- o Rnovledge ERR B

L _-‘

4‘;‘ . . , .
Expert systems have the capability of assisting users in solving _

.

5 .
lengthy or difficult problems because they contain and allow the user.

- to access a body of problem-specifiC"knowledge. This knowledge *s'
'

.obtained either directly or indirectly from people who are expertz ‘An

A

s

‘the 'problem domain. These systems do. not operate by applying complex

\

4
theories of reasoning to a- given problem. Rather it is the logical///

. u o

manipulation of the knowledge that leads to the solution to the

-
. f_, i o v Lo
. L .

> -

problem. j PR

’

An expert is a person rapable of solving complex prbblems within a
'specific area.‘ This ability comes from extensive experience and hithy

specialized knowledge. Building an expert system (a process referred to ,7

Al\

as knowledge engineering) involves the ex\raction and encoding of an.
7/

-\

expert C problem—solving knowledge so that others may have the same'
-
'problem-solving ,ability. Generally, there are twWo types of knowledge

involved' e 'j' o 'l ot »i’ N
(a) public information obtained from textbooks, articles in journals.157

l



manuals, conventional computer programs, and data bases--

(b) private information gaihed from problems solved in the. past. '

~
o

The zinformation An (b). is referred to as heuristic or; more simply,

v

' "rule-of thumb" knowlgdge. Heuristic knowledge is commonly a collection'

"Aof sigple facts, goneral beliefs and hunches, and ihSights into the

-

%est procedures for solving _a problem. It may be common to all_'

k)l

:individuals eXperienced in a“»domain for it may be unique to one -
]ihdividual. High quality heuristic knowledge _is a’ rare commodity‘

Expert systems that ‘have - it~ and use it effectively can be of great"

.\‘

value{.

2 2 Traditional Bxport Syst 8

_ The knowledge obtained fromf “:expert is plaCed into-an'explicit'

-

N

-

“uhiform structure that will permit ‘the application of consistent'V

methods of processing (Weiss aﬂﬂlxulikowski 1984) Over the past ‘ten
'~ years, _three principal structures ave *been used in building expert

systems: production rules, semantic ‘nets and frames (Goodall 1985; .

>

'Waterman,,‘1986)~ I refer to those vsystems that- employ. one or a.

combination of these as being a traditional system. 6escript£bns éf;

.these structures, Lthe ways in which they are implemented in the '

'.Yproblem4solving"process, ana -the style of user/system interaction
'commonly‘used'ere given in the'fOllowihg sections,
2.2.1. Produotion m-- S I AN

A _ :

" The production rule formalism 13 the moSt widely used gtrucﬁrre

.

L for representing knowledge. \Production rules are- simply 'If—Then

- .

"conditional statements that are. processed or "triggered" when &ny of -

v

the data gathered .for a particular problemsmatch the data in the If'

part' (i.e;. ‘the .antecedent) of the rule. There’are three types of

-
-



m—————r

production rules that can be used in an expert system (Negoita, 1985),
-‘The general formﬁ)and“_an example “of each are’ shown in gigure 1. An

finference rule\&conSists of an antecedent which when found to be true,.

A

leads to the assertion that the consequent (¢ Then part) also must be

' true. When one of these rules is triggered the information in the
. JRE T gy, -

'_,rule s consequent either replaces some of the information already

gathered or is added to the collection, Premise-conclusion rules are

similar - but they are used to express intermediate and final conclusions .

reached du ing -a session. Situation—action rules apply procedural

S

know1edge. The triggering of these rules can 1ead to a- variety of

actions,,hsuch as the printing of text on the -video screen. ‘an
zinteraction with - ph#éical device (e.g.,. the on/off switch on an
"instrument) : the entny' into another system' (e g.;,an'external data l

base)‘_or a’call to a programming procedure. in some inStances, the ueer
may provide information that is known to have a measure of uncertainty

- o

-associated with it To account for "reasoning under uncertainty" it is

l

common 'for a system to employ some type of heuristic scoring function,'

Such as a, certainty factor. An example of a rule that uses certainty

factors is snovin in Figuie 1d. - T

An expert system that employs pr0duction rules isf-called‘"a:‘“

| o e
production system or a rule-baeed system. The general architecture of o

. these systems, based on Alty and COdmbs (1984) and Weiss and Kulikowski

i(i984), 'is shown ‘in - Figure ‘2._ The computer code is etored in tne
Program Control Unit. and includes the mechanisms tnat eelect and
"'process the rules.i The xnowledge Base ‘cOntaine the domain-epecific |
."knowledge obtained from- the expert Data for a particular problem often

-

‘are . obtained from the user through a questioning scheme. ‘1t requeeted
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Inf.ronco Rulo
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COIfN Ls true and . eg. If\,tna_cnolical is Phenol and o
.'B'is trye and ) the bacterium - is Pseudomonas putjda. and
C is false . the bacterium is fully acclimated and
I "aerobic condic1ons'ex13t v
" Thea: § is true

(v)

o "

‘Thén: the half-life may be in the oraer

’ of hours 6r’a few days -
Premise - Conclusion Rule - . ,' S
CIf: A is'true'ana eé. - 1f2 the noblltty factor is 6 or greater and
B is false : the persistence factor is 4 and
. - ‘the: toxicity factor is 3 o
Then:

(c)

(@)

If:

N

Thens

Conclude X
: . Then: enerqenﬁy response actions snould ‘be
taken

Situation L_Action Rule =~ R

A i3 true and eg. If: the dispersivity is known and’
B is true ) S the velocity is.known and

the ef!ectivc aLffusion’ coeff. is xnown

take a specified B

action . : Then: call the procedure that cglculates the

COnditional Infofence Rule

‘1

Then:

. e : Aispersion coefficient

,

1
A is known with a confidcnco of 0.9 ana
B is 'known with,a confidence'of 0.4 : e

.

X 1s,eruo with a confidence of 0.5

w

. Figure 1 General Types of Production Rules
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L feature of the system is discussed in Section 2 2 4 Tne Global Data L

¢

R I—

~
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L. R . e . 2 0 : L B N ) N
. Cd . ¢

-y by tne user,_ an explanation will be provided for eacn question.}Tnis

= -
W
Q
l

b 4 -
]

. information gathered during the session .« f‘v_;\§;<§:‘,“

e - A set of rules forms an inference network wnen it is interpreted

£ ”

in a .’ sessioni Unlike binary decision trees each rule\%n a network can

. -

".4”connect to-vseveral_

will be asked a q stion The response is placed into e GDB;:THE,,.

mechanisms in the
/\

: determining VhiCh rule applies and triggers it. In the case’bf anj"

inference ruie, thiS Uill result in the addition of data tO the GDB.

\

1 i :

GDB- and tne antecedents of tné rules. Tnis procedure continues until a p'

decision is made by the trigge;gng of .a premise conclusion rule. If the ‘

yill be sought by asxing'the uSer anotner question. The processing of
I's

* rules in tnis manner is regarded as a form of deductiVe qeasoning. Tne;v'

A

successive collection of problem-specific data- causes the rules to

trigger in. a chain m;action that is analogousato a deductive réasoning

scheme. The process described above, referred to_as forward chaining,}

e -

is one of several different methods of tule processing. -

' . . . >

Tnere are sever\h important features associated with production

o

‘Base (GDB) whichv is” empty : atr ‘the - start of a session, \stores tpe,

ﬁer rules. At tne s\hrt of a session tne user”‘

rogram Control Unit tnen process tne response by

The rule set is then examined for anotner matcn between the data in the:

process stops be;63 a conclusion is reached additional informationv"s'

v‘rules. ) First; "a ‘significant- amdunt of‘ an expert 8 .knowledge is

o

~

. .

which can’ be modified witn relative ease : Tnird, production rules

enable knowledge to. be represented explicitly and the cdntents of the '

‘\g ' - : A‘ [
LT Ly L b .o
RN /\- T, ;o

inferential"wh‘ch makes 'inference' ruleso’a natural‘wa§ of expr ssing_
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"fﬁ”ﬁﬁmosﬁ‘ﬁ3%omputer -languages.
‘ " onsequently, experti not familiar w}th computer programminq wno uish,'

S

. to mod!.% the system can Scrut:Lm.ze a rule set witnout difficulty

R

&

\) T i
RO Co "
v ‘popular. o ) S o
T o - L e R
2.2, 2 senentic lete A R

e
e ) £

v Semantic nets are a poﬂular means of representing non-rule'-
- i R .
’ ‘knowledge._ 'rhe concept of tne semantic net is based on tne idea’ that‘“

L3

tne numan memory functions in part with associations between objects,
. AN

.;“m;
e «f;&These geetures illustrate tne key reason why /ule-based systems are T

ﬁ . o

concepts and» events (Goodali 1985,~ Waterman, 1986) A segment of a

- 1

fhypothetical net :Ls illustrated in Pigure 3a... Tne tw3 Jnain components
-. are nodes (e g.,v Chlorometnane) tnat are 1inked by’ arcs (e g., s-a)

\ bs+//" e
Each node is named. Otner arcs commonly used are 'nae ’ ‘_"“own_ ", 'needs‘
M ¥y ST .
- - ] N A M . N . . X . i .
and .is part of . o 0‘_ . g s
The most 1mportant feature cf a net 13 tne processina power
afforded by the 'is-a . 1ink in building hierarchies of concapts. The
nodes ' tnat are low in tné hierarcny automatica:l ly innerit tne B

'g.properties of those higner up. 'I'nerefore, an expert systﬁ tnat maxes

4

,-both a, 'PCB' and a 'Toxic Chemidal'.' It :Ls because of this &nneritance

‘cnaractei'istic that 3émantic nets °are used :Ln rule-based systems % o)
a 7 S

‘reduce ' tne number of rules needed in the )mowledge baee._ This concept

,1s 1llustreted witn tne rule snown, in Piqure 3b and‘ tne networx

fragments given 1n Pigure 3c. If tne export s}'etem preeen'te tne~
question : "Is Arocnlor 1254 present at. tne site?” and, tne unr providu

‘an S.tfirmative responee, tne system ,uili. conclude tnat tne fecility ie

a. nazardous waste site. Tnp :I.nference procen wee mqua by thq

1]

use of tne net 1n Figure 3a implicitly :Lnfers tnat 'Arocnlor 1254" isn w0



Toxic Chemical

&8 —

is-a

PCB | | HAH | | paH_

7

Afochlor-jl'254 I Chlorcmethane | Chioroethane | | .~ Fluérene - -

L

~
I the compound is-a Toxic Chemical and
- the facility overlies u shallow aquifer and
.. leakage has been detected |

- Then: the disposal facility is a.hazardous. .
= ‘waste si_te R : :

@ \"Arbchlpr1'254 /1'_, PCB
'PCB —— Toxic Chemical ~ . o

-7

. .
. . v
°

. A - . , I |
LW : 4

o o Fizure 3 Examp;sw a Semantic Net
) . ) . L ey = . . » . j - .

e . o B .
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i”rule operations and another that controls net operations..

" 2e2 3 rraneo

semantic net and the concluSion was derived with tne production rule.-;'

'; N ‘ In expert systems"that combine rules and networks the network

fragments are- stored in tne knowledge base witn the rules The program

control unrt consists of two reasoning hanisms, one tnat nandles

o

i Objects and events that are stereotyped by a number of attributes
e . N '

Lare a common feature of many problem domains. A frame is a knowledge 5

representation- structure ,,that : is specificaliy designed to take

]

<.

advantage of this. A frame contains difgroup of‘related parameters :

jcalled slots to. whicn,/values are assigned Associated with eacn slot
3

- / o ‘e /
are one or more procedural attaghments tnat are- utilized to control the

-

use ‘ of tne slot. Tne most important of tnese is tne 'If“neededJ

s

L retrieving values from tne global data base via tne user. In addition
ﬂ:to procedures, some slotg nave pieces of data attached to tnem, sucn as'v

default 'values, plausibl( values, error !.'alues and measures .of :

5} . - —

-

importance.. A frame-based expert sysi:mlconsists of several frames tnat :

are‘ organized into a- nierarcny. The topmost frames represent general

1

objects or »events. " while . the lower ones pontain more-detailed

'information. o

. An example» of -'a nypotnetical system is illustrated in Figu;;:¢.d'

Tnis system is designed to determine the nazard rating of a site and
_ -y (

tne recommended action '(e g.. regulatory or remedial) tnat snould be

~

: ta)ten. The -sy.stem."was ‘prepared on tne basis Jof the SIA (Surface

e

-'Impoundment Assessment) metnod as described by Canter (1985) cn of

:tne, frames- describes an object tnat is stereotypod by sevoral-_

,procedures This feéture is used to assign,slot values and operates by fa
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' f&ﬁrameters}s For example tbe object 'SIA Rating is stereotyped by five

eﬂ“ .

parameters. AlY five of these are ca!led slots. Tne bracketed entries .:”’

., ;.-s .ja',, .
(e g., gravel) in the Rating frames represent plausible varues.,ff”
e -\"

Tne_ﬂuser 8 task in working witn tne example~system fs to assign -

)

,”Elot values.;'SOme valueSpcan be assigned easily, sucn as 'Date , wnile

s

others may require detailed analysis. As an example the*user would be

I B

‘is available for a particular site. A

A Vate the SIA Ratin'? frame and questioning .

-

,would be focussed onl.tne derivation of values for tne five slots

¢

4 . } » - 4

associated with tne frame. A,negative response to. tne question "Do you S

N

nave _a rating for tne unsaturatéh zone’" would result in questioning
‘tnat would attempt to identify ‘the . type of materiakfat tne site a

representative permeability value and tne thickness of tne zone._

s‘Responses' of "fine sand"- 0. 001" and "40" would pfoduce ‘an unsaturated
T @;5zone rating of GB. The processing of tne frames would continue 1n tnis

3~

Jway, until -an SIA Rating is determined.. Tne system-would provide a -

Ca -

default - value for a slot if tne user was unable to assiqn a plausible

[ e

one. Also, all of the entries would be cnecked for consistency usinq

¢
the error values attacned to each slot. It snould be noted tnat frames
2

-

are described with programming notation and are not displayed on the

Y
I

.video screen. - o .?“ N o ,
v , : S - o S o

The -representation ana organization of knowledge in a rramerbased ;‘ﬂ
4_system is cnaracterized by tne followxng features. 7
. (a) ‘a frame can 1nnerit tne properties of otnor frames'

-(v) frames proVide a means oﬂ groupiﬂg toqetner sinilar obﬁectsd'events
| -~ 5 and~ attributes' tnis xnovledqe of association aulsu in. makinq all
T ’

e of ‘the domain knowledge more explicit conpared to a rulo-based

w7 e S
‘ L S T AT PR R



.

(c)~controlfknow1edge is-represented by the procedural attachments

ST T e A -
e ‘. . . ‘ig . L .

o o associated witn each slot; - . G o .

(@) inferential reasoning occurs impliCitly in a frame~system as

..‘~ . >

‘case-SpeCific;lata are assigned to each slot _
I R . ,‘ Da -
‘Similar to expert systems tnat use: semantic nets, a frame based system.
. . J o B 4 - A .\‘ * - /
L is ver? useful for representing knowaedge in domains tnat. are;yr’
S L .

: ,.xJ s . : R . vt - s

© o)

cnaracterized by well established taxonomies. R ',a : g,

o

S o represeﬁt and %pply dom;

. One examplé is_ tne CENTAUR system for > the diagnosis of pdimonary

>
-~ -~

- diseases '(Aikins; 1983 1984) tnat:zuses 'production rules 4as added :'

Ty T » A ‘_.- .

}ptqoedural-‘attaChments'. Some of tne sIot operations are performed witn
T . e S

.

'féituation7action; rules »and values for tne slots can be)derived with

ainference'Vrulésf This, design is accomplished tnrough the :use of

.,‘ - B -

oV o pointers «tnat link the rules in tne rule set vith the slot to whiqp
b i - .. ‘ < i ‘ﬂ; q N
tney apply. Tnere are two ma : advantages ,of combining fsames and

production rules.‘First, inferential and;associatiOnal knowledge can be~ -
7, expressed togetner witn tne frames conducting tne general reasoning and
> LI . -,_-, ) .. . " o / .
the rules performing tne fine—grained reasoning' Second :tne rule. >
l" .
- pointers designated for eacn slot- ekplicitly show whicn rules are
. B A : Y o
associated with the slot In a SYStem conSisting of nundreds or eyen )
tnousands of rules this 1atter feature can be important wnen rules are
. s . L ..; " . (\
dded deleted or modified. . B :

‘o

‘:” » gﬁt A frame-based iystem, with or without production rules, is similar
“‘g'w lnv architecture to a)Lule-based system (Fig. 2) Tne domain knowlegge

- i’ »
b

ji sxored in tne knowledge base andnthe mechanisms’for operating the

o

: “system are contained in tne program control unit.

s‘._ : ) SR,
\ . ) . .




13 4 nserISyeten Interaction

',' Host of the traditional systems communicate witn tne user‘by
’ . . + N [

v -

engaging nim or rer in a type of dialogue This interaction simulates CUE

conversa betbeen an expert and the person witn the problem. Tne
G ’ .
system will re“upst information by presenting a series of questions on /,\'
. & . )
-~thef video Screen to wnich the user Wlll respond oh tne keyboard with a

, e
' trutn~ value (yes, no, unknown) a number a'word or a string of words.

'Intermediate conclusions (if any)and tne solution to tne probleﬁ willz\//'
be displayed on tne screen in &he form of. words or sentenées This'
‘question-answering (QA? interaction is still used frequentl . However,‘ v

- : R :
other ' forms Of communication may ‘be: employed : SuCh as having the user

select an - item from a cnecklist or "memu". S ;ﬂ;’;'

. Tne majority of systems contain an explanation facility The -

L

g meaning of some of tne questions presented may not be clear or the user

'7.f athe chain of reasoning tnat is currently being followed. After tne

'fmay not understand why a question is: being :&xed. By responding with.a

Xl

o

R a .
"?" or .in.<a similar way, tne system will provide an explanation or'a ~

K repnrasing of the question. In many cases, the system also will explain
'») A A‘-.‘)) ‘,f

S X S

) .
solutibn to “the problem has been given a r port may be requested by'

'.sthe user tnat explains how the sysgem arri_ d at. the solution. Thisn
feature~.is impontant bncause it educates the user and increases his or

her confidence in the reliability of ,the solution. An explanationA[

'facility can - be just as important as tne solution to tne problem in

I

"'some systems. o e {

. )

Tne question-answering scneme is effective at communicating uith '

the user but it nas several major drawbacks from a human engineeringﬁ'f7

,jperspectivei- First,“f r systems that require a 1arge.amount of data,““uf

’
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<. the user[‘could,’pe faced with the tedious task of answering dozens ofp_

= questions.q second;; users‘ can not readily volunteer information at anyf”}'

R N . .
time. Instead they nave to wait..untiluthe appropriateﬂquestion is:

rY

;j,'] asked. Third the user can not return to a preViously answered question,g"j‘

s

in order to change the answer. Therefore the seSSion may have to’ be
S halted and a new one begun. Fourth for systems that require data for :

‘thev-same set o@< parameters (referred to: as static parameters), userSu

<~

eventually make the use of the system somewhat monotonous. Fifth usersjf

can not retrieve a set of their responses made in an earlier SESSJ.OII Q’

.change 'the,,value given t*TZnQ of them: and then obtain a new pOSSibly

; different solution. Again3~lthe user would have to initiate a neW'

session and’ reanswer ‘the+ questions. Finally, most systems allow ‘the

vf user. to enter "bookkeeping" information (e g., tne d§te and time of the“

£

session) that may’ be useful for- later reference but is- not required for o

the derivation of a solution; In a QA scheme all questions must be '

answered : inclLding ‘those ‘related to bookkeeping, in order’ for the

N

'session to proceed The inability to avoid noneSSential questions can

be a source. of‘!rritation for some users._

. An effectiVe way of minimizing these problems 18 to gather ‘some of,”

the - information from‘ the . user with some type of computer template or o

g - 2

Rl form.m In essence"a computer form is an explicit version of a frame in'_

A«that related parameters are displgyed on the video screen along with

'entry \fields into which the user or the system can enter data. The'

Y intrqpuction »‘ofv'these _forms tinf expert systems has lead to the f"f
_'d controlij%g_

s partitioned =

&
development . of neu: ways of representing, organiZing-l

‘domain knowledge.‘ibne examplef is . in what I refer to

gt ]

> . , . N
. . . - . R Co
: €« e, .
R N e . o T

R

will encounter the same set of questions with each session. This could REIR



- document

‘expert systems.‘f f.v ,°l-

.:2 3 Partitioned Expert SYBtell

t

A partitiored system conSists of at least two distinct programs.
. |

g One’ program' is devoted to,itne jacquisition..of =data forrtnevstatic

:x'parameters., Tne second:-is used - for ,gatnering.‘values- for“ dynamic »

parametefs and for. processing of ail of the information. Althougni;'f

nﬁ -

‘A:separate"ﬂ theF programs usuarly fun - in parallel ‘and’ communicate T

a . -

, interactively with eacn other"Two partitioned systems that naa a major g,"

Y

:influence _on one. of the expert systems developed -4n this project areﬂ

I

10NCOCIN .an . expert system used ‘in medicine, and ELAs a system used in

{

petroleum geology.‘ 2y brief description -of botn sysgams is given in tne

3

i_following sections to illustrate now computer forms can be used and how :
tney have 1ead to —the development of 'new knowledge representation‘

i; structures.' Detailed descriptions »of ONCOCIN and ELAS can be found inf

-

‘Bucnanan and sncrtliffe (198&), and -in Weiss ang Kulikowski (1984)

'respectively.‘.~

2301 The ONCOCIN Expert Systes SR

. P . . / .\.
L I8

ONCbCIN is a descendent - of” HYCIN, tne most well-xnown expertc

zvfsystem in medicine. It was designed to assist physicians in’ selecting a"

cnemotnerapy . treatment plan for .cancer ‘patients.‘ Traditionally,"
¢ .

pnysicians would enter a patient 8 data (e g., lab test results) on a, k

=N

»‘paper form during each visit. A treafment plan tnen would be devised on

the basis . of. tne information for tne‘ current and past visits.

- Developing a- plan is a complex task because it naS'to be: selected from

- large number of possible plans (30 to 60 depending on the treatment _' '

"1institute) witn eacn one described 4n a detailed 40- to so-page_

U

-
PR S

', . | v T,,

S



‘q.vﬁ :ie ; {p }‘4 B v,;. fiiig~

ONCOCIN vwas builtrto help phySicians with this task The system is
:comprised of two programs. an 1nterface program (the InterViewer) for“'*
the'\entry :of' data and a reasoning proqram (the_ Reasoner) whichn

,determines~ an appropriate treatment plan In a seSSion with the system

the physician uses the InterViewer to enter tne p tient s data for the

qurrent*;visit -and to retrieve' data- that were de ved from preVious't
" ones. All -of the data is passed on to the Reasonervwh ch uses a set of
._prodﬁEEioh' rules to formulate a treatment plan. The lan is comprised
mainly .of‘_recommended dosages of several drugs tha are used in thek

'therapy. Once formulated the plan is passed back to the Interviewer

which, ‘ in turn displaye it to the physician. The phySiCian can either
.accept the \plan or make changes fo the‘dosages as he or she’ deems )
o appropriate. | i‘ : ‘, g'( S ‘
- The - Interviewer utilizes a video display that is diVided into four
, Aregions. ’fThe" 1argest‘ .one, a computer form that resembles the.
physician s paper form, can have up to eight columns at any ohe tim
i jThe left-most column has a list of static parameters (e g., white cell 7_
_v‘/count; platelet‘ count) including the .names, of the drugs for which_
' ‘dosages can pe recommended Up to six columns»to the right of the list‘u
coFtain parameter values that were derived from previous sessions. The
B right-most column contains the values entered by the physician for the ™
R \ .
\'current 'session' after Qﬁe‘*Reasoner has. processed,tthe .data, the’
.recommenQed drug dosages are displayed at the bottom of this oolumn. of -
the three other regions on the “video display,“two are . used for".
,wpresenting messages and explanations,f while the other indicates theﬁ7

”fspecial;_functions associated with severaibkeys po‘itioned.atuthe top of,

:_,th31keyboard. " .




-

a

'Information v',b"i"s. entered with a customized keypad tnet indludes a’
10—key number set,t 'YES" and e‘No keys’ énd cursor control xeys for_.
vmoving to indiVidual entry fields. As the physician enters data, the'.
. message. region displays the range of expegtgg values for- the parameter
fVith which the cursor isTaligned;-Agter the~Reasoner has_transierred}-v"'.:
;gthe‘”vrecommended treatment plan ‘ back "tO*-the. screen, a brief‘

~!

justification ‘for the recomﬁended drug dosages will be shown An the.

explanation region. T ;.E.. o . . S . €

-

The domain knowledge in. ONCOCIN ‘is expressed with“our'structures \\ B

qoin additioﬂ to the set of production rules. These structures are.

' contexts, : parameters, data blocks and. control blocks.i Contexts

5 represent the concepts Of the domain aUOUt UhiCh the ‘system needs.
7.

static knowledge. The parameters consist of the attributes of patients,nf
drugs,i tests, "etc. The total set of parameters includes the static
I parameters listed dn “the display and those thj(uare internal in the

Rgasoner.KEEAFh piece of information accumulated durinq a session is
}represented ‘as the value of ’a \parameter. In most cases, values are -

¢

: either entered by the user,‘ determined by definition in the current -
' context or concluded using the set of production rules. 1f tnese,fu'
_ methods fail rules that provide a default Value are triqgered.

data blocks define logical groupings of related data. The’syst

data blocks as units Hhen obtaining values from the~user. and‘during‘

‘the storaqe and retrieval of data in a patienf's file. COntrol blocks: .

' '
contain the procedures the system is to follow vhah a. tas? is specifiod 3

, N\ e
by the ‘user. ‘These may'(dnclude the retrieval oﬁ data blocks, thcu _;;’

determination of parameter values, the invocation of other control

, blocks and calls to’ special-purpose functions.-'-n L e -

. : . : S ‘ [



The' entry of~‘information using the computer form represents an- -

.important feature in terms of the acceptance of the system by the_'

. -

users. Physicians are familiar with the paper form already so‘a'h “[f

( -
’ computer form makes the interaction more: comfortabde. COmpleting the

' form.-is fast, easy . and Simple to lkarn. Users have the\‘reedom of.

entering only the information they feel is pertinent leaVing some

a

t'_-entry fields blank if they wish The eata can be entered in any order,

-a

and current and old data can be" changed at any time Host importantly,'

computer ‘fbrms provide‘ a‘ means of allowing the\ user to volunteer

L] .
Y I J

Cinformatfon. ' . . "; e
"2.3. 2 The ELAB Export sylton : '3_3 ,‘ [T T

°

ELAS is an expert system that assists users “in the analysis’gfngil
/'/ ' ¢

well log data. The system conSists of two integrafed FORIRAN programs.-

Amoco sa interactive program called INLAN ,that 'was developed\ for

well—log 'data, analysis;' and an, expErt system }that coordinates and

‘ provides advice on the ‘use of INLAN. In developingaELAS 'the main.'

_objective was tO demonstrate hOW the knowledge and reasoning methods Of

.

e;an expert log analyst could be' cdmbined With zxisting software to

-

‘ produce_ "system ‘that WOUIG be Of use to a wider va:iety Of expert and. -

+
'

nonexpert users. !

The main task of a&&log analyst is bo determine the presence or

. " .,
-vabsencev of hydrocarbons in one or ‘more zones of a}borehole based'on His

interpretation ' of a set of logs, The interpretation is made after the
values for,several parameters have:been derived and numerous tasks have

- been \completed."Thef parameters include, the porosity of the rock, the
et . -
saturS{ion of ‘the formation water. (sw) and tne resistivity of the waterl

(Rw).‘ The. tasks may include the preparation of 1/Sw histogram plots and

e ’ e - .
. . LN



Iy

, either volunteer parameter value

’ [y —

’3-neutron-densityi:Cr035plots. vPriorl toﬁ the 'developmenti'O£ ‘ELns,xthe.,,

e
-

analyst would derive the values and perform the tasks .uSingrthe,uﬁ

components of . INLAN directly

sessions were expe imental in nature

where yalues would be changed requently and tasks rerun in order to"e

assess various outcomes and interpretations. The processing of the logs_ .

<

-in this way required extensive experience in the analysis of log data'”
plus considerable ‘skill . in operating INLAN The motivation behind the_

.‘development of ELAS was to give nonexperts the ability ‘to correctly“w

;interpret 109 data and to make INLAN easier to use.A’)':
In ELAS 'tne use _of the components‘ of INLAN are coordinatedi‘;d

through a c0mputer form, called the master panel, which is displayed on;

_a video screen. The panel is divided into tnree regions much 1ike the-

'video _display in ONCOCIN.Y The top region contains several parameters

that provide a general description of tne borenole (bookxeepingj;'

f information) : The region below- this is divided into six columns with

the 1eft—most column ‘Gpnsisding of a list of the key parameters and .
~ &

s tasks that are crucial in a log analysis session.,The remaining columns':

contain entry fields for‘parameter values\{or up to five target zones

of tne borehole. The third region contains a list of the commands used o

4»

o 4n conducting a session._ (ﬁ/ - '."' ) o zﬁf

»

o

v',,The user s objective in a session is to derive values for the xey
\’ .

’vsparameters 1isted in the master panel Once a set of values has been“

obtained for a zone, the system will process./it with a ﬂset.of ‘:

A g
N

' 'production rules that will provide_ an interpretation. The uger can

Z éﬁ“‘}'

is chosen,; a subpanel will be displayed that lists the conponents ofif’
IHLAN recammended for use at tnew’point in the session. The entriel on .

i . ) . . , HET A B

‘\21‘{.» L

rerequest assistance. If the latter o



';the list are placed there by a\set of production rules. After tne user

.fimakes a selection, -a .component of INLAN will calculate a value and

N place it in tne appropriate entry field in tne master panel The

- selection and execution of tasks is accomplished in tne same way.h

' Host of tne knowled e in ELAS is represented in- the production

rules. However, tned 1ist of parameters and tasks in tne master panel A

also,;is an expressioh of knowledge..Tne‘subpanels from whicn tne user

Y
"

makes selections can be regarded as control blocks as defined in’

'-a

-

"ONCOCIN. Similarly, the. sets of data determined for tne target zones

‘fare knowledge structures (i e., data blocks)

ELAS is a multi-level sy tem wnare tne expert systems components

. are surface levelajgodels of reasoning and tne matnematical components

of INLAN are: deeper levels. Tne notion Of multi level systems was first
’ 'y

-.l‘“

expressed in an article. by Hart (1982) A wnich ne described a L

'nypotnetical system for a petroleum reservoim’ simulator.‘ In this

system, the guidance for analysing a reservoir is provided by a

rule-based system (surface level model) ' The detailed analySis i$
v .

.performed by a’ set of partial differential equations '(deep level

_'model). Tne equations could represent various components of tne

-

L | '
simulator., sucn as ;Darcy‘s Law and the Equation of COntinuity ‘Tne
1appeal of develbping an actual system comes from Hart s recognition

that tne costs /of building simulators .are substantial and that their

. use is limited by the need for a large number of parameter values. Hart o

’”(p.13)-..concluded that ""well~codified-~-science and.> engineering

'disgiplinesh offer pernaps the best domains in uhicn ,to exprorév

multi-level_ systems?; Tne existing codes for' contaminant transport

2. <

‘.‘models Vare ‘ very similar to a Ereservoir simulator in terms of»=1

< . ) . ST . h . e

R A ) ..\‘m, - }
S . R .



o importance, complexit( cost and data *quirements. 'rnerefore. it is
. . N N

- possfble tnat tne development of multi-level sys*ems tnat include tnese

codes could becoie - valuable tools in contaminant hydrogeology \

2 4 ihy Build an zxpert System?

-

The most important benefit tnat can’ result from\building an experu.’

system is tnat users will be able to solve problems tnat were.n

-~
,~ [

previously too complex or too lengthy. Therefore, tne use of an expert

: system ‘can enhance the capabilities and productivity of tne user. Otnerv

X / e
reasons why expert syStems are potentially useful are detailed by

. waterman (1986) and by Weiss and KuliXOwsxi (1984) Tne lisg includes.

(a) Expert systems provide a means of replicatinq and disseminatinq

,

. rare and cogfly expertise. Tnis feature could be important to ",

-

o orqanizations for tne training and. educating of new personnel.

.particularly in situations where the: key people who nave tne ' 'f':
- expertise leave. '?. . A R

”(b) Expert system;znelp structure and organize the systematic

Ay ,

'j‘components of problem—solving in a specific domain. Tnis use is
~important for tne problem—solving metnods tnat are informally -

~j.: specified becauSe ‘an expert systbm requires the formalization of

. Lot e ‘ L B g
o an knoqiedge. N S T
Qo : : e . o

(c) Expert systems provide a means of expressing heuristic know- )

ledge. Once incorporated‘into a system 'tnis knowledge can be

v .tested and reproduced..
Y o : ‘ |
(d) The expertise of several people can be combined in an expert .

,system. (Tnis is inportant in contaminant nydroqeoloqy wnere ‘,‘

. N

tne solutipns to many problems require experts from a variety ot




B A R lf=f S s Af:';..}g):' »‘f'-.

(e) Expert systems can be powerful tools for predictive modeling.r

[y -

) They can provide answers for avgiven Situatron and then show‘how

«

these would change for new situations. This allows the user to

,evaluate the potential effect of new data ans understand their >
. .

relationships to the solution. Consequently, an expert s(stem can o

-

¢simplify and improve the quality of decisxon making.

(£) Hulti level systems make existing software more accessible to a

7

r .larger number of users, anq increase the speed and~iffecté§5ness,-

.

,'with which the software can be used.

(é) Expert systems can be useful to those already proficient in ‘the

N problem domain by increasing the speed at which they solve problems
- -3

. 4 -
.or by providing a Second opinion. Iq the case of tne latter° a )
e

: i
miSmatch between the system s answer and the answer obtaineggpy th,e«Q
» {

)

. user alone will force the user to check where and why the mﬂsm‘atch“oo

“  occurrea. e T .; o .'éf" Tﬁ:%'.w
,/ The'; traditional approach for_ disseminating expertise *anﬂ

problem-solving knowledge‘

Several manuals are available that describe methodologies ior-dgg
. ¢ “a
‘ with problems in contaminant hydrogeology Examples intiude thé‘manual
t '.xt'!.’}

that describes the DRASTIC sy%tem for évaluating ground water pollution ’

a 4 ',

potential (Alle{ et. al.,' 1985) and a manual that outlines a pallution?

e
assessment method “for egiwgency response conditions (Doﬁigian eg?al 3o
ot

. : 1

'1983) Although manuals can pe used effectively to- solve ‘a préblem,fﬁ

.

uindicated belowq

(@) a considerable amount of effort often is required to learn how

Y o ',.,..«

‘_h

the manual and the problem—solling methods are to be employed..

‘iﬁgl ;




(®

(@

' tnrough the session. In most cases, all: that is needed is an
:understanding of the general purpose and operation of aqé)%tem.*
“Host manuals are large and contain a vast amount of detailed

"information. COnsequently, the use of tne manual may be time

fThis effort may be repeated every time the hanual is needed if

”several months pass between usagesf Expert systems guide the user

¥

* %

1/‘

consuming and there is. the risx.tnat important information may be

©

missed '!xpert systems also can be large and tney typically cqntain
» :

'a great amouht o! detai;ed informations However, because computers

can search and.manipulate a large amount of information rapidly,A"
seSSions witn a system can be relatively snort Also, if a system :

is well-des!qned no details will ‘be. overlof‘i"' =

’Hanuals usually require updating. which is’ difficult to. 4o on a ‘

hfrequent basis. Tne structures used in expert systems ‘are- designed '

[y

'Vto facilitate easy and quick updating. ’ _’i _ R

[Asolution may &

= system. »l R A (;1_'

o

jFor manuals that address a‘%érqe and complex problem, tne authors
" are able to present .only a standardizéd approach to preblem

fsolving. any of tne nuances that may haVe a major bearing on the

A [N i

left out. BY using a computer. all of the informa- e

tion. related to‘a problem can be incorporated into an expert

It is diffiéult to express the dynamic, systematic component

. of \,problemasolving process in a nanual Some autnors try to
, X

1

o present tnis in larqe fold-out flov dragrams but tnese vork only -

g L.

‘for relatively small: problems. Flov dia fdr 1arqer probleme s

L

_fquickly become unuieldy. Tne structures used’in expert eyetems are._ .

y S e



RN ' T e o
ot taxen in reacning a solution. Large.flow diagrams are expressed @ . -

implicitly within tne system. = TR,

/ . . " -

e

'Expegt sYstems tane- longer to build but-tne additional timelang cost o
o may easily be offset S& the benefits to ‘be realized.~,~/ f y,“':‘ .’ 1:‘51"
42 5 Proqramning cansiderationa ":far';i;' S

Expert systems ',can be "builteSVuSing.>Specialised’ )cnouledge1
engineering languages or they can be built “from scratcn" witn'a

-

~_standard programming language. Knowledge engineering languages are’i.,

@

R
computer proqrams designed solely fog tne : construction of expert

isystems._ 'I‘ney consist Of a program control unit and vasious programm:l.ng

‘4

tools ,for developing a knowledge base. Hany of tnese 1anguages Ge g.,
) \#As;j EHYCIN EXPERT) “e simply existing expert systems but witn the -
g\ﬁgln-specific xnowledge taken away. It is because of‘tnis that tney
.yaref usually referreq to as "sxeletal systems or expert systems
"snells".; Expert _systems can be " developed quickly and easily With a
 r“shellv -program.‘ However, .due' -to tneir 1ackvvof-'generality and

4 A

- flexibility, they ‘can be used only for a-restricted class of problems
(Waterman, - 1386) If-,-thei problem "at ‘hand does not Cfit the
cnaxacteristics of the proqram exactly, it can not be used Also, snell
‘1»programs ‘tend to be useful only for tne development of small. simple
_'systems.‘ Any application witn even a moderate degree of sopnistocation‘
soon »extends beyond og' capabilities 'of existing shell ssystems
(Silverﬁan, 1986).p’ SRS n( o E - . é | |
| .Tne' alternative' is toy buildetne' ekpert system uitn;algegula:;
programming, 'languagega Most expert -systemsi operate ‘solely on 'the.
t,manipulation\ of . symbols and, as bsuanlare written;in either Llsﬁ or
PﬁObOGi:”chever._ other ‘languagesfsucnjas'c;.?ORTRnN'and éaschb—tan\bs;.

&

-

. P



‘. used. The4 advantage to using a standard language 1s tne developer nas"
the fle bilj.ty to create a system tnat 1s tailored exactly to tne'- _
oA tequirements of tne problem and 'to the perceived needs of tne users. . ﬁ.
. p - t B .
T L s N
- : - RN R -
A L
9 - ’ - ,/’,
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“'syStem, called

3. PROBLEN SELECTION AND OBJECTIVES =

-

~

RS

%iage of a monitofing strategy. The computer
Y \ i

,&

e : ‘.
-0

contaminant ‘transport 'model“ (23 an expert system tnat is. used to‘

7prepare a set of input data for tne modt}, and (3)‘an expert systemg;

7.

'tnat recommends a monitoring strategy. The = names given . to tnese"

~

',components are ROKEY EXPAR and EXINS respectiyely.' S ‘»”;“

Tne following sections outline tme problem domains, objectives and

R

system developed in this pro:ect was des;gned to-.

,‘KS:f The tirst one is to assist users in estimating the f,'

”f ’§““ROKEY, conszsts “of tnree main- components, (1) a

: knowledge engineering aspects of EXPAR and EXINS. Tne chapter concludes»

With a Statement 4 Of the objectives defined for the entire computer»

—

system»

i

3.1 The mn xxport Syaton :

. . N
- . A

'3.1.1  Domain and Objoctives . L

Predicting the current and future distributions of. contaminants is
lan«'importan.f'
. g,

4 o,
-
-4

tfk,undertaken by?hydqueOIOQists. Thisrproblem often mayA

require' the use of 'somé ’type‘ of contaminant transport mOdel Whilei

numerous models - have been developed and are readily available many

hydrogeoloqists are not able- to ‘use . them. For some, this inabilityn'

mbdels - are sopnistocated ) 4nd their operation can .be' complex;
consequently'd the user.may need several years of modeling experience in
A 4,

K stems from' tneir unfamiliarity with models and computers in general._,

rtners may be adept gt\yorking with computers but are: not‘able to apply.

At



R e

Lo . . p——

-‘4_order ,to operate a model in tne way It was. intended (Scnvartz et. al.,

1985) Anotner problem is related to a: model s input data reguirements. |

-’ -

There.’ is little doubt tnat assessing tne important parameters ‘and -

assigning representative values is a*‘formidable task (Domenico and

. Robbins,' ' 1985) In &ost cases tne xcollection of probleméﬁpe :Lfic data

. L A N
V‘) g

'involves lengthy fieb%lprograms, and for some,parameters sucn as source :

K

\
size-,and«-loading, data simply may not be obtainable ‘A third problem

[}

also . is associated ulth the input data. Some models require tne

.

construction of a 1arge data set wnich can be a- long and arduous task.

' In many instances'errors in data entry can occur and remain unnoticed. ’

A fourtn problem is related to tne fact tnat the transport of cnemicals

'_ in the: subsurface is governed .by* many. physical chemical and biological

T processes. Tne proper ute of a model requires an understanding of
' . -3

.these. However,§ tne processes are complex and interest in problems of

.ground water contamination has grown only recently Consequently, many

~

‘nydrogeologists have littlé or no, understanding of the processesv-

e

.represented in the models that tney use.

The main objective in designing EXPAR was to solve or at least

minimize the problems outlined above tnrougn the use of expert systems

) tecnniques. .Specifically, tne system was to (1) advise and assist a-

user An. preparing a set of input data for tne ROKEY model and (2)

-

-tutor the user in tne transport prooesses represented 1n the model.AIna

v 7

‘terms of expert systems researcn, a seoondary objective wae to explore

,tne multi—level appr h to stem design as described rn Cnapter 2. L
?“53

3.1.2 l!b!l.dq. Engineering

3.1.2. 1 siu-mnua Ini'orntiom L

.'q'v

~

Tne 1nput data parameters for ROKB! are shown in Table 1, Valuesi

)]

.- “v)

v <

2

o 'F". e

2



'Table-t ROKEY Input1nata,Paraneters'- v
" ' Parameter Group . o ... . Parameters
~Stratum - . - - V.7 grouhd water velocity (advection rate)

dax, dy, az - ‘dispersivity tensors in the -
: S X, Y and z Cartesian coordinate

R  directions .
. -_,Q*" effective diffusion coefficient
R total porosity , R
' " foc: .~ organic carbon content - . [
. bden ‘= .bulk density : o :
. bWt - . depth to water table
. DBB - depth to .base of stratum
-SQurcei'i»_'. © YD - . source size in y direction ~
S Y " - 'DTS, DBS - - depths to top and bottom of" source
e Co. - .initial concentration at ‘the source
iYk@a oo Co/t’s = changes in concentration with time
., %0 o % at the source .. o
J ._‘- . N . 5
' Chemical %- - .. Koc - organic carbon/water partition coeff
LT ; "t1/2 = decay half-life for abiotic’ hydroly51s'
Cu e ) or biotransformation
Simulation .t = duration of simulation period
output Contrel - KINT - X interval of grid .
P YLNT - X intervah.of'grid _ »
» ‘ o S “IYCO X coordinate of. XZ plane .
< . o Zeo - z_coordinate of XY plane
T {j'
- ¥
. ‘ )
AU ' ‘



' -for »the stratum .and source parameters ideally will be determined from e
. information that is specific to the site under investigation. To aSSign

'c'values, experts typically gather and analyze all available information

-

for the site. If the information contains a’ plausi\ble value fOl‘ one Of

Zthe parameters it will likely be used in the - model.‘ If several

4

: ‘plausible values -are available that were-derived by one method ..the

expert may select the highest or lowest one. .or calculate an average
-¢‘

. -value. This aSSignment generai}y is dictated by the objectives of the

:.study, such ,as’ a best case/worst case analysis of the contaminatioh’

£ . : < “

:vproblem.. Where _several values are q'.dlable that were determined by
?more than ~one method the selection will be- restricted to the method
o that the' expert believes yielded the most accurate results. In some 5

Jcases- the available data will require processing in order to derive a

." -
vy

T value. The expert may have 'several processing methods available and

l

'will use the method that he prefers or is best-suited for the data._

- .

In »Virtually all studies, there will not be enough high-quality :

--data .available from which values for al] ofmthe partmeters can_be *

)
-
;
[

derived._Two main reasons are.v
'.(a) the data are not available and the acquisition could invclve a
lengthy and expensive -field program,_
‘(b) the data are not available andlit is not possible to acquire them.
A typical example of (b) is historical data on the types and volumes of
'\‘;;;pif_-chemicals disposed of "at an industrial landfill._ N
~ To cope with these problems, xperts are forced to use heuristic

~

v methods.. Some of - these inCIude (1) estimating a value on the basis of

: .

_‘ related information, {2) choosing a value that was used at a. similar

o site, ~and - (3) using a default’ value. Default values ueually are uped



| include:,j*‘

judgment.v

. _ ’ , .
eitner as _a last resort or wnen a "ball-park" estimate is suitable for

tne curreqt needs of tne study.‘In ‘some cases the expert may nave data 77

-\ . '

;available with whicn. a plauSible value can be calculated but will .

‘
-

'lcnoose 'a ’default vvalue rather-tnan»process the data.;For example, tne ;

‘o

'expert may decide to use a- default' value for‘porosity rather than

perform t{xe lengthy task Of analysing grain-size distribution data

Based on the above, -the knowledge requirements of EXPA& would_:

(a)“plausible'and default‘parameter_values for numerous nydrogeological.'

_conditions" ' o |

(p) rationale for ehoosing one value from several tnat were derived by
’tne same method- | '>

(cl problem—solving approaqnes, sucn as best case/worst case;

(d)»metnods to derive values directly and indirectly,_and the

associated rankings from most-preferred to least—preferred-'

1

: ,(e) listings of values determined from similar studies. . SR

-1
N

'f’While some of tnis knowledge nas been expressed formally, it’ is kKnown
-that mucni gﬁbit nas not. For example metnods used to determinepvalues
_for rates of _advective transport are discussed in many textbopks.

uHowever, a clear indication.of which metnod is preferred over another

9

is often not given. Preferences depend on several factors and, as such,

the -selection of,a, od will be based on’ the investigator s heuristic -

Y .‘?s'?
P

The first task undertaken in building EXPAR was ‘to collect and

. formalize' all of the knowledge outlined above. ‘The. second task was to\

,ektract"from the .literature tne reasoning strategies.tnat could be -

Y

Ienploved in implementing :tne‘knowledgév Public sources-of.informationd

Y
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(te§tbooks,. journals,f manuals,

(”etc )‘“were revieved. The-sourcés from

¢ 14

ev' ‘ T S
searcn provzded most. of the information used to comgi ;ﬁtne first7'

-'_ whicn information “ was. taken 've included in Appendix A. Altnougn tniS'

- task few reasoning strategies co 1d ‘be found. Tnﬁs, part of this study“'vf
L involved tne development of my own heuristic procedures._ .
a-p».'- . T ‘ IR

‘3.1, 2 2 Chllictl Infornation

: EXPAR _Jis designed to provide input data for‘ modeling thef
. distributuons of organic chemicals..mne specific types’ of chemical data '
required were . (1) octanol/water 5 partition coefficients, {52)

&%

L S '
'”solubilities,i* (3)“9 naif-;ige ~va1ues for‘ abistic nygroiysis and

.

_biotranSf; B 'ion regctions, and . (4) maximum acceptable concentration
Yo ,-':",,’tr'r-iz-.ﬁ v
s e lid!ts.‘ Because tne number of grganic cnemicals associated'uitn ground'f

-

‘y \} - o
water contamination is in the thousands tnq-acquisition of data was :

.t

restricted .to the organic cnemicals given oa tne U S.j EPA s. 129

Priority Pollutant list.éAll of tne data for the first three types was o
» .

' obtained from. Callanan et al.‘ (1§79) wnile concentration 1imits were”

bl

obtained from tne Pedera17‘3egister (November 28, 1980)‘ fne data arev‘

\.\

igeluded in two data bases. Tnese two data bases can" be egpanded easily
? §
.Pto‘aécommodate tne data for any number of additional cnemicals. . ’
". K LI . .

\ ~ . . : .
. . . P
Lo . -

3. 1 2 3 Output Control Data f-»:;[~i o

Tne output control data required by ROKEY gre few. Users oniy need'f

. Qr
N

Ltb> be _familiar’ with tne documentation in tne operations manual~5'

9 4

Gncc1ymont and Sanartz,_ 1987) to assign vaiues. However, it was!"

B 3

atticipated tnat some users would be un;,ftain ef tne tnree-dimsnsid“‘a f

grig arrangement employed by tne model. Tnerefore,_ assistance An

"selecting vaiues for ‘the parameters associated with tne grid would bef'




) - 34‘,

L 3.1.2.4 Tutorial Infornation T
' Tne effective application "of the ROKEY transport model requires"

that users _arer' knowledgeable ‘about _ transport processes. Tnis'
understanding must extend to the parameters which m§thematically

- -

‘ -,cnaracterize these processes. Tnerefore, EXPAR would have to include .
‘_shorta~tutorials for $he processes of advection, dispersion,_sorption
's‘and transformation. Also required would De information for eacn

1parameter sucn as: operational definitions, explanations as to wny tne'

v'parameter is part ‘of tne data set descriptions of now the pavémeter is

_fmeasured in the field ~or " lab, discussions of'related processes and--. -
AN E . g N . - * : i

theories, and lists of references. _ o
3.2 The xxIns Expert system o
, " |

.

3.2.1 Prohiel Domain

° . ’ - Another important task undertaken by a’ contaminant hydrogeologist_

.18 to plan and implement a ground water moniton&ng program Honitoring

.‘rograms are comprised of several stages, as indicated in Figure 5 The,

-

: main Objective is to- assess ground water quality by obtaining and

._analysing quantitative information on -the pnysical cnemical and

'biological characteristics ;of tne water and the tr ansportihg medium.

“Once tne assessment has been completed the program usually terminates.
_witn some form of evaluation,,such as wnetner remedial actions snould~,
: % . . . . k

'v_be taken;

' ﬁ\\{\\\\_/// The most 1critica1 stage tnat may determine the:pverali success of

a program 1is the installation of a sampling netﬁork and‘t@ejcollectioq.

1 AR

‘of ground water samples. Considerations in carrying out these

- "

activities number in tne dozens and include.

« (a) assessing of the informatign needs of the program»andﬂestablising“
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f(ei_selectingxmaterials for-construction'of the wells;’and‘designingh

©of the samples (Barcelona et.al., 1984).

_ . . o . P L. . 4 . : oo _!]_

B quality assurance and quality control criteria- . -‘n;'_:'_w\

evaluating ‘the hydrogeological setting, ' .1 ' L R }5‘
determining'the types of wells needed for the network and'the-
- A - o

o fnumber locations and completion depths of each type-~

4

Y - & : - . . . . ' .
'_(d)’selecting'drilling methods;. S S *,{ S

-

'construction and installation protocols"
(f)vdetermining~which chemicai.constituents ‘are to be analysed and how

frequently, : ~'v7’b/ Lo ‘»53 »: R

(q)testablishing sampling and analytical protpcols which might include

ST ]
'.decidin on the most appropriate sampling devices and materials,

'and the a‘ceptable methods ‘for sample collection handling and

analysis. . , . B ' PR IR

lPreparing a strategy that accbunts“fOr allfof the components ig, Withf

. L i )
few ‘exceptions@ a difficult ‘task. ‘Further, a variety of problems can

~ . <

g ariee..'For?.example, complexities likely will exist in the hydraulic,

geochemical and geobiological conditions at a site. Hore than one .

-

contamination source may be present With each contributing a largef-”

‘ number of different compounds at variable rates. Sampling for some

(»organic compounds is difficult due to the possible voiatilization of

the compounds from samples, or the absorption of" the compounds to tne'

sampling materials;, Added to these problems -is the difficulty in

C
[ .

finding commonly agreed upon procedures.‘.COnsiderable controyersy '

exists' among laboratories, regulatory policies, and- researchers'

. @

concerning proper well" construction techniques, sampling tecﬁniques and"

'approp.riate procedures for -preservingv 'the;_original' chemical cha;a}cterf

. L



_ COnsequently;v the planning of ra successful (and cost effective) .

;monitoring program' can require conSiderable expertise. The designerj :

[ 4 -

‘muSt be knédledgeahle in hydr&eology organic and ‘ﬁnorganic chemistry C

2

.7 and microbiology Furtherm;:e, he or she must be well-acguaiptgd“yithi _
eg

government policy and r

can be an expert " in all of these areas there is a need tqld lopa
P ,

imeans _ of assisting designers,

. /,,,v.

monitoring design procedures that ‘can be regarded as valid by most r

A
s'v

atory re’uirements. Because no one pEBSOR a

beginning with the development of - l

: v . / -
.designers (Sanders et.al.; -1989)a To date, several researohers haye

Y

»produced texts .and manuals that PrQVide guidelines rather than widely‘-

agreed .upon” procedures. Hard-and-fast rules in such a complex area are

Y .

"flzdifficult to develop QSanders et al., 4983) making the: planning of a

'monitoring,program more of an art. than a science. R ]F.} j"

R 3.2 2 Objectivqe -94 n&u xnoviguqo |

[ The umain objectiVe in developing EXINS was to investigate thej_

fg:potential for applying expert systems techniques to ‘the preparation of“

'monitoring prOgram iguidelines., The research was to be. centered on the.

- construction t of Qa,'.demonstration prototype that irwould make'
, . . ‘. Lo " AY '.‘ .

'.'recommendations 'for7 12 ftopics' (Table‘ 2) in’ thefrfirst stage’of-a ;

E monitoring progran. The strategy would desig Lo} for ‘the sitef
." YP

I

i

previously modeled by ROKEY A demonstration protptype is a system that/»f

"“solves a portion of ‘the problem, suggesting whether or. not ‘the approach

Ky

is viable and system development is achievahle (Waterman. 1986)_.'

¢

Thereque.- an- assessment of tre approach rather than the teeting of tpe',

'syst-ena L As the‘ final - task'],undert_.axen-;at. this stage of . aystmn’ :

‘['

Be
,

development.

Most of the information incé&porated into EXINS for the 12 topiclﬁf



AY
. Table 2  Strateqy'Topics-§n EXINS .
, T “’ﬁ o \.;H,
. _ S Tossc -

¥o. N L4
1, . tTypes of Monitoring Wells

b_z o ‘ o _Lbdﬁtionsvof Honitofing-ﬁeli Nests

S~

3 N Completion beétns fér honitofingAngls
4‘f v E , _4 o Honiﬁéring w;ilixateriéls;-b |
5 L .:" ’briiiiﬁg.uetnods' .
-‘KG' : ‘ 'i:Q well Cpmplegioﬁ Methods o ; | o -, 
17 "" : ffl’_. - +Ground Qatér S;mpliﬁé Devices

e [ . - " .'-sampli‘hg,.gqpipm%nt Materials

P~

9 StoraéeCCohtainets
f‘go L Sampiing.rréguéndj ‘_'.  REE .
11 | Analytical Program
lé. _ ;". o ,' ' Samblé Volumes and Sample.Pfesefvation
e . S o bt



‘censiderati

)

' e:;_fflf “*igﬁ3§“7b
was obtained from public sources witn minor contributions from my own

]

heuristic judgments. Tne'princ};a&—seurcés_yere "Procedures Hanual for
Ground Water Honitoring at S¢lid - Waste -Disposal Elcllities" (Fenn .

s : )
et. al., ‘1977) and "A Guide to ‘the Selection of uaterial

Honitoring

well Construction and Ground-ﬂater sampling" (Barcelona et 1., 1984)

Supglementary information was obtained from Cherry et. al. (1983) and

Pe?tyjonn et.al. (1981) L 8 IR L

33 Genorel on:jectivos L R L e e

'°'In i§§>s,v .of' knowledge 'content 'and .numan ‘ engineerin_
® - - -
ong]  the computer system (Expert ROKEY) was. to. be designed .
T ) . !'] . L - - v
sowthat. Lo e . T e -
S _ g, . . » L

(a) it would be of use to a 1arge number of nydrogeologists, with l

T

skills-ranging from novice to expert'
p

(b) a minimal amount of skill im‘using aucomgute

tnereby making the system useful to a broad group of po%ential e

- users; ‘f1 P \"‘ - . "v. TN

. . N - ‘/. N " ) b--‘_. A .

(c) a minimal amount of time would be needed to’ learn now t useoit
\N; .

effectively;e

A »

-

(d) disruptions would not occur due to simple user error.-vr’~_ S G
In~ assessing tne information requitements for tne expert systems it was

eCessary to define a minimum 1eve1 of knowledge in nydrogeology to’ be

’

' ,_expected of tne users. After' considering ~system ¢size criteria-and ,

®

deciding tnat ‘the ' users -snould be professional nydrogeologists. tne
»/’

’ systems were designed for users 'witn an educational hecxground in

1.

nydrogeology " plus a minimum of one or two years of relevant experionco.»

fnose wno did not meet tnis 1eve1 qould have difficultiz;\but tho

computer system could be used as an educational tool.

TR e

L&



B o a0
\V‘ : The computer system was to be developed as a practical 1nstrument

Vthat could be applied tO ‘a variety Of tasks. Several.features were”i.

P —

'°'1nc1uded 1n EXPAR that would make the computer system particularly
usefu% for rapidly assessing tne hazar& posed by a leak or spik} of a

s a . ‘ .

chemical in ;n eme:gency ~response sxtuation, predict;ng ,j@e’

distributions .éf cﬁemicals being discnarged from muq}cipal and

"industrial . sources, and ;quickly gscreening- prqposed :sltes forvwasté

.~ disposal facilities. 3 s SRR :
. é_' o ..- - N -  v R o o
iﬁgé. N e L T

: ' : ’ \ . . 2 . 9 . . - CoE L ‘ X

.;' o



.

"_;a4?§¢_ L 4.  DESCRIPTION or EXPERT BGK!!'Ff\\*\;
4.1 8ysten Overviev
- Tne Expert ROKEY computer siftem consists of five modules

(Fig. 6) The Introduction module contains five text files that proq%de

“(1) can introduction to the system, (2) information that orients the

‘user to Some- of 'tne ‘tasxs ’tne system cansze vapplied to. (3) a-fa”

T

-descgiption of the casi-specific information that would be useful to’

have on-nand for completing a session, (4) a brief description of ‘the

'ROKEY> model; and' (s)- a discussion of. modeling strategies tnat ‘may be

o
A

- employed.  The Instructions module consists of one text file tnat

t

/

prqvidgé;‘a set of instructions for oﬁerating tne system. ‘The remaining"'

» L e

moAuT s sxpm 'ROKEY" and sxms) are the focus of this ch@ter.

-All‘ of the modules in tne system are integrated into one computer :

B program. Tnereforeé;xcting a session requires only .one. program callL

'fcommand. THE‘system was designed to operate on a standard microcomputer 8

o 4

with a nard :diskg“The total storage required’is approximately 1. 2

’meganytes.: R T o e

4.2 Deecription Of ROKE!

-~ ROKE! is an anaiytical transport model ‘that calculates - the

concentration- distribution of a cnenical 1n a saturated porous medium.

,The model is based on the Extended Pulse/Approximation model developed

by Domenico and /robbins (198

but was extended tO account fdl‘ E

e

“'firstrorder transformation reac ions. Tne resuiting soiution is. -
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’ ,Ihis equation describes the three-dimensional transport of mass from a

o e 43
C(x Y,z,t) = (CO/8) * exp [(v-u)*x/2Dx] * {1 - erf[(x—vt)/Z(DxtY&']}vf&'»
fere [(+3/2) /2@yx/WE ] - erfr(y-z/zm(nyx/v)’i TSRS
| {erf[(z+Z/2)/2(sz/V)‘k'] - erf[(z-z/z)/z(nzx/v)’in |
enere; “u -\(v‘- + 4Lnx)‘t i S
:'C = concentration in mass periunitvvolume of water
1x,y,z - Cartesian coordinates where X coincides witn tnev

&

’ principal direction of ground vater flow - ¥
t - time - Y

Co - source concentration

-

&>

'erf~é error function'

v - average 1inear ground water velocityv

‘DX, Dy,‘Dz - principal values of the dispersion tensor
Y, 2 - dimensions'of the source in tne y“and z directions i .
t L - first-order decay constant (L = in 2.0 / t:‘k ) |

tX - aecay’ nalf-life.

A

’ ,_continuous, -.finite (two—dimensional) - sourc’:e _'inamidirectfonal flow o

-

_regime. '

To test tne accuracy of the expanded equation, the ROKE! model and ”
the numerical transport modél DECT (Scnwartz. and Crowe,-1980) were-f
'applied to ras nypothetic:}\\contamination case. ‘The results\ shown in

Figure 7 demonstrate a good agreement between the two. Domenico (1987):'

' also has expanded tne equation in a’ similar way to include first-order

decay and ‘has verified tne accuracy of the erised equation.

Tne computer code developed for ROKB! was augmented 80 that p

changes in concentration at tne source with time could be incorporatedf&

l

. into i -simulation.v Also, provisipns were made 8o tnat retardation due -
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[

‘.

v.J

Significaht effec* on: tne results.

to sorption could be accounted for.,
Subsequent testing revealed that the results;provided'by:ROKEY»
would be most sensitive to tne values assigned to tne average linearff'

ground water VQIOCltY‘(V), decay half-life (ti-). source concentration

(Co) *and tne source dimension in,tne z direction (z) Also. ‘the value o

- assigned to tne organic carbon' content of tne transporting medium._-‘

which is used to. calculate a retardation factor, would nave a

1

4 3 Tne EXPAR Expert System

'j4;3.1; Deecription of the Systen

s

EXPAR ‘was designed as a partitioned :system with tio.levels‘df_'

37, operation. At tne top 1evel is a set of nine computer forms that.g'r

contain groups of related parameters and entry fields into which valuesf

are entered and displayed.- Associated witn each parameter is an'ﬁ

elaboration program and an assistance program. The elaboration programs;
, \ i

prOVide . the parameter and tutorial information described in the

K

preOlous' chapter (Section 3, . 2 4). The assistance programs nelp tne_.;

user in deriving values if assistance 1s requested The complete set of-n'

g elaboration and assistance programs rép?egents the bottom “level of the'

system.‘ The use of the forms and access to the bottom level programsb.
are controlled by the function keys located on tne computerukeyboard.
R Deriving. a set of inpdt data uith EXPAR and then runnin | ne ROKEY;:
model is done in stages. At the start of a session, tne userlie given:

tne_ opportunity to review tne contents of the Introduction andfl

_k'Instructions modules. Entry into EXPAR comea next where ‘the computer'

r

forms are displayed. The ‘user- - enters the data for a site into tneﬂf'

¢ el [ o
forms,, seexing elaborations and.assistance 1f and when tne need arises.»ﬁ;

,v._.&;;



®
::r';ff?nce':completed“ tne pressing of a function key results lnhthe storage;"'
.1Of. tneﬂadata set into a file followed by tne invocation of ROKEY Tne[
auser then can conduct, another session witn EXPAR, access tne EXINSA
;system or - terminate the entire session. Tne results provided by ROKEY x
'(a tabulation of concentration data) can be examined on tne video
f'.:;-,v“screen 055 from al print-out.. Optionally,' a’ contoured;‘plot of the
; .
t'concentration data vcan be obtained using a plotting package deSigned
. especially for ROKEY. ' i,v - |

An option is provided for tne user to work with. an existing data

- set. The advantage Of thiS feature 15 tO avbid having tO recomplete all

’

. . -»
<of 4tne .forms when -only' one or: two -parameter values change“in a

Tt transport simulation. Prior “to the display of the forms,,tnehuser can"

'identify a fiie containing the existing data set The data in the file"

i J .

are . entered into tne appropriate fields on tne forms, leaving the user

-

afree;wto,imake changes. Tnis feature is useful wnen tne distributions of

vsevérai contaminants' are modeled or when tne user wishes to conduct a

senSitivity analysis witn one of tne’parameters.'Because'a’data,set can

any time, data from an interrupted session can be

. - a0
_ r Lol .
o ;
< o .

| ‘4.32\mo}'opbevel *’ §“* SRR .
\7 t . N .

Tne top level consists of tnree cohponents' a control program, a .

global data' oasa‘f(GDB)‘ andj,tne -set_of computer forms (Fig..s);~Théj“

control program specifies tne overall operation of a session and;f

,,

jcontrols‘ tne use of the GDB and tne forms@/The global data ‘base stores_'

- tne values entered for the (static) parameters displayed on the forms

e
o

‘Any value derived foé a parameter in an assistance program. Eacnfj
<« . ,".:r.--' R s’

n
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\g‘

’v'parameters _and entry fields. "The bottom region contains cues to the

F4,

'”andb the output contrpl data parameters. The details of th\ subtasks

: R , o
! ‘,described in. Section 4.3. L S \ S

,}‘.

o

‘value of'ta' parameter. The contents of'the GDB are transferred to'a‘

a

i
. .-

._user-specified file before the exit from EXPAR.

'rn'

7 Lo e

related,”to, the use of the form_ or'the parameters,-suchoas whether-

%. . ,'-‘ \

'

4
’

y(

L . . J

0

1 and EB access the various forms, F9 S pressed after all “of the

dat

1—' . )

7keys provide aCCess to the . elaboration and assistance programs..

h

Each form contains a- group of related parameters as indicated in
I ."’b.

. -y

Ajspecific bookkeeping information that is important in documenting tne'

S

are

FI

‘«v,ll'

L require numeric values are checked for general validity using a set: of

“sett of *computer forms is given in Appendix B Each,formbis

‘:Theree are* three features ’of the top'level that are/pggiicularly

”divided ‘into three regions (Fig. 9). The ‘top region containsiaimessage.'
. values -are reguired‘ or optional. The middle region-'haS'a-list‘off"

operations performed by. the function keys. Briefly, F1 and F2 pOSition L

,the cursor within aqform, F3 is pressed before the user makes an entry,“
have been enteged (to vrun ROKEY) F1o terminates the session,L'“
\,
_Jreturning tne user . to ‘the computer s operating system. The Fs and Fs_f
Table 3. Forqg g and 2 provide locations for the entry of. general and’

Vsession. Forsp 3. to~8 contain the flow, transport, source and.chemical j'

~-parameters. Two types of " parameters are 1isted on Fprm 9: twdgsubtaskS"'

"noteworthy. First all entries made by thewuser for the parameters thatlh

25 productionirulps. For example, EXPAR will: accept values of’ effective '

porosity (egpressed as a fraction) in the range of greater tnan 0 to

‘lessf than 1 0' If the user enters a value that is outside of this rangef

”(i;é., _ \logically incorrect value) the video screen is cleared a
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-.Form .
. - No.

Y

Table '3 ' Parameter, Groups in EXPAR -

 _,¢¥§9;

Bookkeeping parameters

Bookkeeping ‘parameters (and B
. assignment -of plausible and)
;. default’ values) c

’

- Basic transport parameters r
: Sorrce size parémeters
' COncentration[time*parameters o
:‘Sorpripn peraéeferéf:’t
" Tréhsforﬁat1oﬁi%arameréré'

output control parameters; -
. ‘suptasks™ - ¢

PR

P N 2 & £ MU T RO “e o 'm'ﬁv R ’u "

Biample.-

.

>' Proﬁe¢t”Nd.

‘Name of Cneﬁical o

I

'AdveCtion rate -

Depth to top of source
1tia1 conceﬁgﬁgrlonuv.
'\brqanic carboif” content‘f

Hydrolytic (ablotic)

nalf 11fe
X interval, data‘set
evaluation’

S



message explaining the error is giveﬂ and tne form is'tedisplayed, but i}

r..

~without tne_ incorrect entry. Second before storing tne data set andl’r“

invoking ROKE¥ EXPAR uses a set of production rules to cnecx t t the

minimum amount of data has been entered Parameters for wnich valuesﬁ o

have not been assigaee’are reported after whicn Form 3 is redisplayed.

Tnis- data-ineck insures tnat tne operation of ROKEY Wlll not fail .

GhEIEDY -eliminating the cbance Of A major disruption in- a session.

B

'«*- Ihird, witn the exception of Form 2 a session With EXPAR can be“‘

conducted at tne top level Tne bottom-level programs are available onf'

an""as needed"f baSiS,-Only; Tne uniqueness of. Form 2°1s discussed inf}v

/jfﬂ Section 4 3 4.__ - _:”mr,;.- _,.7 o A ' ,te];
4.3 3 ‘Tne Bottom Level - Blaboration Progreme AN *4.__:
uost elaboration programs consist of twp components. a' control
' /

. block and “one or more text filés (Fig.,10a) However, -several programs:fff

>

make use; of information ‘that has been placed in tne GDB.‘A” R

G

1

Information tnat is specific to aésarameter is given in one te;t

. r

file. Several files of tutorial information can . be accessed througn the
W S

programs for szx parameters. For example tutorial files for mecnanical

dispersion are includedkin tne program for the parameter "Disperﬂiﬁity

R longitudinal (x)". Dispersion is-a complex tdbic ana many users will_{.l

‘ not nave a’ complete understanding of tne process.‘In order to present

'the tutdﬁ&al in’ an Effective mannery 13 text files are available. All.

- of tne files are accessed tnrougn a menu. Because it is expected tnatf”

' users with varying levels of xnovledge wili be using the system, the

files nave been subdiVided into introductory and advanced 1ovels.-1n7"

‘ addition to mecnanical dispersion, tutorials are given for edvection,

o diffusion, @orpti&n, abiotic nydrolysis and biotrensformation.’

B 7 B

-~
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Tnev elaboration programs are designed to serve two purposes. The '}‘7
.first is to help . tne user assign ‘\rameter values. The second is to

_, .

'.’,‘educate- the user by providing in-deptn practical xnowledge about a

, A -'/1‘ ) .
'.paramete ' and wnere appropriate about the transport process involved."

‘ j.Consequently, users wno have becbme familiar ﬂith the files should not

only be proficient at using tne ROKEY model but also tney\shbpld have
'& - -
a better underﬁpanding of. contaminant transport Lists of tne topicsv

) . L
discussed in- tne tutorials are presented in Appendix C. : » \~ .

463, 4 Tne Bottom Lovel - Assistance Program

Tne assistance programs are, in essence, individual};expertf .
v ‘systems; Tnese programs operate by attempting to derive a parameter

o

value (e g.,<‘ k,, foc) starting witn tne most-preferred metnod and S

- -

7 ending with - the least-preferred In most cases, tnis latter method _
inVOLVes tne assignment .of a def&ult value. A diagram of tne general
arcnitecture o‘ tne programs is shown in Figure 10b._It snould be noted )

"tnat due to tne uniqueness of eacn parameter, varying types and amounts'

' of assistance are available.' Consequently, not all of . the components

-

'shown in Figure' 10b are required for 4each -program. .A;program is

4 carefully tailored to tne parameter and as sucn, only the components

;logically requireﬂ'to give assistance are included. '{-rf

s

The . operations tnat take place in ‘an assistance program are

: coordinated by the control block. Upon entering a program, the control
' 3

blocx first processes any control tules tnatknay ‘be present. Tnese
B

rules can pesform two functions (1) determino wnetner suﬂbortinq data

)

l tnat may be required for offering tgsistance ‘have been entered into the -’4

v

" B, and’ (2) determir’ie vhicn part of the control block 18 to be

aCcessed‘lnextsv In tne case of (1) tne user vill bs«returned to tne .

-
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‘ forms' so 'that 'data 'which‘ support the program can be assigned For .

. example, providing assistance fOI‘ diSpeI'SlVlty values ls dependent Gn

N

"_the .scale of the transport problem. This-can be determined when the

’advection rate and the simulation period are- ' known. The user is i

7
e

“required to . enter values for'»these two.parameters before'assistance

with the disp&rsivity values can be provided. 'For' (2)*above;'the

-

ass_istance provided may be dependent on -.one OI‘ more factors AS an

”

p ,
example, the assistance for lonqitudinal dispersivity will depend on

/

whether the scale .of 'the -transport problem ig local global og

R

reQional.'7If it is regional questioning (described below) related to’-'

Jthis scale will be accessed. thereby bypassing the questions related to
. X \\ ] .
~ the other two scales.‘

-

Onceggthe control rules, of any, have\peen processed the control

block _accesses” a’ "file that gives a. brief overview of the factors

[ L4 ) . . L,

bd involved in derivinq’a:value. Also discussed is the reasoning that will .
‘be employed 'by the .program."After this,. 'a'QA_(question-answering)
o network is accessed: ’n'.which- a series of questions.related'to the

: parameter is presented ‘The user can respond with either "Y" N, MR,
. . _ ‘

"F" "B" or "E" which represent yes, no explan ion, forward back and _

S . ' P4
//-—1ndxr~\£§spegtive1y. A "Y" or "N" entry will lead the user to another

jquestion or ¢o a subprogram a"" response is similar to an F5 entry

@ ) made at tpe top level - that iS, the video screen will be cleared and
S

_an explanation will be given’ as to (1) ‘the meanmng of the question,u(z)
why it - was asked and (3) the factors related to the information being .

”sought;//hlso;' if the question- relates to a specific hydroéeological

o

test or method of analysis a brief description of this will be given

plus a list of references to the literature. When the user is finished

o .



e

- ss
- ‘\.‘ h . ‘

‘vieﬁing' tne etplanation,' the screen is cleareg and tne originating

."\ .

v

5

guestion ié*redisplayed.>An entry of "P" or "B" allows tne user tc move

: fforward 'or.xpackward« rapidly tnrough tne‘_questions. This.feature‘is

intended for users experienced With the program HhO Wish tO aCCGSS a

: 'f specific subprogram without naving to respond to otner questions An-
é, entry of "E" will result in tne exit from ‘the program and tne return to
L'Jthe originating form., The QA network a Simple deciSion tree Eacni'

/
'estion_ is a node in the tree with the yes and no responses 1eading to

-

B , JEETRES , SRS 3
{ ot r questions or to subprograms. T Zlgﬁ. S

'L,fgere may be up to four types of subprograms available in an .

‘/

{ assistance program These are designed to: } o : °'

(a) read a value entered by tne user; . = . : . BRI

S . -

; ‘4 (b) calculate a value using a conventional computer program°
: l1>'

THV(c) display~tabkes of values and summaries of case studies'

L / . o 60 . ':‘ oo
- (q) recom_mend_. default value. |

i

L Form. 'However, if more tnan one value is availahle and the user is"

‘.f“‘e
B’
. recommgndat ion F*

Several‘tsubprograms are conventional computer pq@grams. Some of

3of wnicn one is appropriate, the' subprogram,-will make . a

then- read tne user' ] chosen value.

,these we?c g;epared especially for use in EXPAR while the remainder_

/'\

previously by otners and adapted for use in the system.';

]

!rams calculate tne value of some parametér. The programs”'

<

",range from very simple (e g., solving Darcy 8 equation) tg moderately

' advanced' (e.g., solving an equation that calculates a n}draulic, g

R . . . R

q .
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.

gradient value ‘using a linear interpolation schemef to very advancedy
.(e.g.,' tne GENPAR1 codg_[xilne-ﬂome, 1985] that calculates a value for
- Vhydraulic ' conductivity ‘using. a variation of the Kozeny-Carman

v yequation). any value derived by a conventional program is displayed to
' ' i
.the user who cah either accept or reject it. The assistance program'

provides help' with this decision. However, the final deciSion is. left

oot te-the user' s discretion.

‘ The assistance programs . for .§§:;~3> the parameters‘contain»data N

' files that llst Values measured or deerEG at SpeleiC Sltes. The user, 5

°

“upon- examining these files may choose to use one of the values if thea

site 15 similar tO the one presently under investigation .To help ln

a\ - P
a sessing the ~ similarity of the Sites, the user; can access a site file

v

that contains a summary Of the information for the Slte. If thé user:. ls

.
~

satisfied that a value in the data file is appropriate he will bei_
asked to enter it. The data files havq been set up so that the useracan'
incorporate informatiOn from his past projects, ,thereby creating

customiied.~files. In addition any number of site. files can be DUllt.

ne

This arrangement was developed as a convenience for the user by
'providing' a location within tnehsystem'for the storage and retrieval of
nis own data. 4 | .'
The fourth- type 'or ‘subprogram recommends' a defaultfvalue. The
default' value may have been made known to the - system from an entry made
"on  Form 2 (discussed below) or it may be COded in qge subprogram Some,
.of  the values are based on public knowledge, such as hydraulicv'
' Aconductivity and - porosity values given ih textbooks‘ or manuals.

. _However, / some are based o my,heuristic know1edge. Examples include (1)

¢ " the concentration of the chemical at the - source, (2) organic caﬂbon.
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(3) a regionil scale value 8
: nﬁ o
A‘khefthickness of the mixing zone

Ty ..', 8

: the ,source. Developing the heuristic values durlqg the project was

Ve

avoidable'Vbecause typical_ values- for some of the parameters do not (::\S

exist ;n the literature. The user is required to accept the default

e
value OI‘ enter a value within a specif:&d range. “

a1l parameter values entered bY the user within a subprogram or

generated by a conventional program can be checked for consistency with

’. = .

LT the data in the GDB before leaving the program. Any ingonsistency

detected is reported along With one or more recommended actions. These -
. § ' 5 ) ) - v
actisns 1nclude the cancellation of the value and either continuing

Y

with the questioning sequence or reimplementing a conventional program..

_These' alternatives may ‘be initiated automatically by the program, if

the..user'iagrees, ‘or - conducted manually by the user by selecting a new fv;
{; ' position in Xthe questioningr.sequence. .If, an ;inCOnsistencyv is'not Be

pUR B . . . . -

detected the 'vanue will be'entered into'the'GDB'along with any'values

derived for parameters that are specific to-the subprogram. Finally.
. B Y -
. ‘the ser' is returned to the originating computer form with(ehe value

placed in the appropriate entry field.( The user. has the. freedom toT -

change the value at any time by either changing‘the value- directly on-

: P
the form or by reentering the assistance program. v ]'
e SRR o v

G.. " The assi%tance programs for the parameters listed on Form 2 ared

e

A

different than the others. In the case of Form 2 itself. users can not'_

make_'entries directly -but, rather,] they__must use;.th%, assistance P
-program. The assrstance programs for 'Name of Chemicil',~nype of
‘ v L R
.source . Type of stratum material‘ Aand }'Slope ofaground.surface'

-

: contain mepus from. which the user makes tﬂa ppropriate selection. Fotﬁ
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'-'example,, the assistance prog*am for 'Name of chemical will display a

.:‘-list -of tne organic cnemicals tabulated on the U. S. EPA s: 129 Priority

. cnoices ’availableA fo

: a;menu;“ ij;" . _ : g

: Pollutant list. Associated Wlth eacn cnemical is an index number..Iff

o

tne cnemic to be modeled s on the list the user will enter ltS'

. - \

_ ‘index number Vand both the name of tne cnemical and the index number

will be entered on Form 2 ThlS procedure also results ln the placement

s

s

of - plausible values for the’ chemical s solubility and octanol/wateri*

.partition Acoefficient 1nto the GDB‘if available ln one Of tne system S.

':data bases. Additionally,. available defaul&gvalues for hydrolytic and

biotransformation nalf lives are entered into the GBD Similar support :

i i

‘provide default values for the parameters listed On the other forms.

Plausible .and default valEE?“‘nre entered into the GDE automatically.

[

"_'forms‘ when they ané>displayed. Default values may be used later ln the

session for consistency cﬁjcking and for providing.assistagce. The menu

. . ) ’H.'m .
The two Parameters 'listed at the top.. of Form 9 are subtasks. The

.oy e

© . on the previous forms and is accessed when the user presses F6 Any‘

.

-Normallv, a user will use this feature to make sure. that errors were

tner” Form ,_2 ».parameter§ are_'reasonab1y=

- facilities are given for . tne other three parameters noted above and,i

-include varibus text files data bases ana: production rules deszgned tovp”

"fPlausible ‘values will ‘be entered into tne-entry fields on‘the other

bcomprehensive but the user can make his own éntry if an item is- not in', -

‘lfirst »subtask performs a CheCk on the conSistency Of tne>data entered»

;inconsistency and suggested corrective actions will be reported. :

not made. For example an advective velocity of 0 ot cm/s assigned toa

- dense cldy will be flagged and reported. Tne user can ignore any
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(R

P

,suggeSted. cOrrective‘ action;z'ThIs is an‘important'cnaracteristic‘ofv_:

vfdeciSion given at any point- in a. session. Tne Sedond subtask also -

f‘analyses wnen :tne user would like to quickly assess tne impact @f

";EXPAR.< Tne user is in control at all times and can ignore any advice orA

'enacted wnen F6 is pressed calculates tne approximate length of tne;'

contaminant plume. Ihis feature an be useful during. sensitivity .

-

cnanging the value as51gned tO a parameter WItHOUt naving tO run the

: ROKEY model.- Also, it serves as' an indirect means of assessing tne

overall accuracy.bf tne data set.

A summary of tne contents of ‘the assistance programs is given in

hppendix D. o . o .

Y e

. 4 3 5 Design Considerations

5tnis objective required the design of interfaces that would allow the, o

8 At tne start of tne project several objectives related to expert:

"systems design and practical software considerations were defined for.v

2 . B /"

EXPAR. Pernaps tne most important was to develop a faet and effective‘
'computer program that would be of use not only to non-experts but alsoyw-_

to experts and all users who nave become familiar with EXPAR. Heeting""

P

rapid entrv of data and quick access to a1l parts of tne system. It ‘was

witn tnis in mind tnat EXPAR was built as a partitioned system,-relying

-/

input data for a. given site. The extensive elaborations snould increaee}

transport in genefal\ For tne expert and tnose users . who nAVe become ;

mainly “on computer forms, snort text files and QA networks to“

vl
/~.

communicate with tne user.. ‘ S i.f”

. o
. A . . . . o N . e
N . . [ I : F

| For non-expertS. ' EXPAR aSSists in: preparing a reasonable set §f~~~:~'

g

tne vuser 8 understanding of ﬁﬁhe model parameters and contaminanti,‘

' well-acquainted witn the contents of EXPAR the system can be ueed like~v
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-Vstandard modeling software;; Because the advicejfﬁassistance nd

o . - ?
’ iy ¢

elaboration components are kept in the bottom/level these users can
) . c . "1 ‘31? 'f
~ fill in the top level forms quickly and run theMRDKEY model Witnout any

diS!‘UptiOXlS O!’ interference. -’Th bottom A£V8]u programs are available

3

when needed~?9he only exception is the assgstance programs for the Form ;

- u

P ) -

2 parametefs;

'ffiiiﬁhé' '%hoiceb‘cﬁ ~computer forms 'as the ‘main . method of data
,."’" ‘, g -0 l“u i . SRR = . : A :

,xfgo‘ adhuisftion .was an obvious oneé??Using forms'avoids having to'answer

Q.conducted with a- ﬁA scheme. Eromba human engineering perspective, forms

u," , 1

s fare_ ‘a, natural way to c@lject data. The most convenient,interface would
: N ” L o o S el
havg/ been one form sucg as the Video display and the master panel used

7

1 ,'»u .
a 4 r

-

';.fi:v_,_ ;n/ ONCOCIN and/ELAS However, this approach would haVe required the. use
| 'of‘ a large g;aphics terminaf rather than the video screen that comesyﬁ
_.7¥fm with a microcomputer.' o o ' '.. : .2i‘ ot f;:;
g ”':“ Using ‘QA networks in"the assistance programs;-however,’;as~thevr

. Vo
~

v,n;)»

:f:joptimum method of extracting information from the. user. This approach

~
AT 6

f;f'easily handles the dynamic variability of the information. For example,’k

"r P

5 iagfqﬂesgion presented at any point may depend on the user's earl.“

_QA network provides the necessary control whereas static structures
' such as forms and menus do not

One of the objectives in designing the QA networks was. to allow

.fast and easy access to\tng_sggyentional programs embedded.in'some.of

w

the assistance programs, either during a regular session with’ EXPAR or>

7--whenever the user had a .need ‘to use a conventional program. As an’

_'example 'of' the latter, the user may uish to p(ggess'grain-size.data

e



]

i
. : ‘ T R B
) contaminant transport.A Tne appropriate subprogram can be accessed»

_"quickly witn the forward ("F") and back ("B") responses to questions in'
”the“ QA sequence for the appropriate assistance program. Once the-userf”
: . L ) ’ S _ ’” '
" has finisned worxing with the code,‘ an entry of" "E" to tne next“
. - ‘ . (

queStion' in_vtne' sequence w111 result in tne return to. tne computer."';'

S e e
form. - * -
) Two<'expert systems.features that were.intentionally-avoided quring = - .-

the COLIT.‘Ee Of the project were natural language understanding

use ofj; certainty 7 factors. AIn systems : witn naturalr 1an uage.'
L ‘v S . <

"understanding, users are able to communicate witn the pro ram inc‘a
# . . i " ."

restricted version of English. Although tnere is a'great appeal to an ,'

'interface like tnis, the time and effort inyolved in developihg it a:g"

‘ .

"pronibitive. Also,‘systems tnat uSe restrict@d versions can be slow and'
: tedious because the user must remember wnich words or pnrases are

acceptable. Although not as appealing, *the entry of data in tne¢

computer forms and tne simple responses “4in the QA networks are

ffective means of communication.' *;
. - g . : » v o
Certainty factors can ‘be’ used é% expreSs tne‘degree of confidence o

°

in a reSult or conclusion reached Qy -an. expert 4&15¢em. However,v

'including tnese in a system is. restricted to thaBe problem ;\N\Iks inf,_.

wnich it is feasible to assess the accuracy Of some or all of tne dateﬁ;t

- and xnowledge tnat will )be incorporated into tne eyatem. Assiqninq'f

meaningful certainty factors to nydroqeological deta and tne reeultsai -

<given by transport models is difficult.' Thie prbblem precluded tne;

~

"assignment of degrees of confidence to the input data prepared in IIPAR;y

'“f'and “the corresponding results proVided by ROKB!. One of the moetfn
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"to program

,_time.- -When this occurs, inter-program commurication will not . present

; other languages. All of the knowl‘

bprocedural components could be writtgﬁ |

¥ o

o distinguishing'5characteristiCS "of hydrogeology as a' science is the

< K [ . . . ) _ !
‘large 1number and ‘size of the uncertainties associated.with almost»all_

-
e

.':.of the phenomena involved The sizes of the potential errors associated
' V,with ?he parameter values required by ROKEY range'from tens of per centf

‘-(e g., porosity) to orders of magnitude (e g., advection rate)

Although not .a specific design conSideration, the chOice of

-

gcomputer language can have ) a maJor bearing on the construction of a

v - :

system. Host expert systems are programmed in either LISP ‘or PROLOG S

4’\
However,‘ EXPAR was written in FORTRAN for three main reasons. First it

/

f,is advantageous to write any computer program in one 1anguage Theﬁ

.conventional programs included with seleral of the assistance programs“;

model were written in FORTRAN Therefore it was. eaSier.

I

'AR in FORTRAN rather ‘than to write ‘the- entire system in'

A another 1anguage. The advantage of selecting FORTRAN extends further.

Expert : systems are modified frequently- and it is pOSSlDle that

conventional FORTRAN codes could"be added or suostituted at a later ;

c

any difficulties. The second reason relates tO programming familiarity

9,

‘Itﬁ is anticipated that the programming methods and structures developed,

for .EXPAR‘.could serve as integral components of future expert systems -

'developed by other hydrogeologists. Most hyqiﬁgeologists‘work only with:
ZFORTRAN and, as sUCh very few would be interested in learning another_

lanauage. Third, LISP and PROLOG did not -offer any. adSSQtages over

' r r‘tsentation structures and’

-

A»gally any language.

 4.3.6 Discussion : _’ P

e . .
EXPAR is a multi—level expert system in two respects. First, "
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o o
serveSv as_@a. surface level model for ROKE! wnicn

+ R B S

S aaalogy [ iS'” considered to be a deep level model of reasoning.

a .
Q :

Communication between the two is acnieved through the global data base"
but" unlike J;:LAS the 5(;:.&'ansfer - of information ' is in’ one direction

ratner tnan in two. Secopdnblike ELAS EXPAR includes existing softwarej“

. that also-are deep‘level models-of reasoning. Several of the components-;”

s

in EXPAR act as\surface ;evel models of reasoning thatvprovide advice- S

bgas to wnen tne conventional gsograms snould be used. Assistance also is

;o -

"given to guide tneir proper use and to fi&ter tne results tnat tneyA'

) provide.. ;The' ability to integrate existing softWare into EXPARY"
;demonstrates tne flexibility of the programming constructs. Hore

; /importantly;- embedding ~these programs into an expemt system increaseSJ L
4 =
tne _power ana. utility of both the system and tne programs. B _“‘

l

“One of tne fundamental objectives in designing anﬂexPert system‘is j:f
", to make it ‘sufficiently ‘flexible 8o that modifications can’ easily beitf
i 'made during _tne_‘stages of development and afterwards :skthe system s :
maintainedrdirlexibilify is éﬁ&ieved by emploﬂing a simple arcnitecturej;:(
iand,; simple;L 'modular:iiknowledge | representation structures. ?ln“ a
‘rule—based system, cﬁé‘ architecture consists of only tnree componentsi
(program control unit knowle%ge base and global data base) and oneii-
_’simple typev of knowledge 'structure (production rules) Partitioned

' systems also are based on simplicity and~ odularity but tne --vent of aid

more practical interface (1. e;, computer forms) has given 3:

additional knowledge representation structures. 1In tne ELAS system,

' master panel (computer form) that 1ists tne static parameters and menus»f'
Sy

_;al(ae type of control block) are used in conjunction with production L

LAY

rules. In oncocIN associated with tne video display (computer forn)f .
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L. are data blocks and parameters,. while- the -controll andfereasoning ’

,v-,._.-_
v

operations are, performed with control blocks and production rules.

P

Simplicity and - modularity in the basic architecture of EXPAR were
. achieVed through.the use of computer forms,va global data base, and the ,‘
set of elaboration and assistance prdgrams. Each computer form c‘hzains'

‘a. logical grouping of paramet;rs, and the entry of user-volunteered L

.information is governed by a. set of production rules The program

LN
- -

control unit was designed so that forms could be added or.deleted
easily.doAlso,; modifications to the contents of the forms‘can be done"
t with little ‘effort ‘The set of data in the GDB represents a data block :
‘which can be ‘stored and ‘retrieved for additional processing. The
elaboration ‘and assistance programs are modular units which if the
‘,v_need *“arises, f.could be replaced ‘by different programs without
difficulty;‘ Communication Qetween these programs and the computer forms
'A isfhachieved simply by the connection of all of these components tovthe
GDB. {//’ ’ | | | ~
“f » tWith n the agsistange;'§;§gfams,. control bloéks'and Qh nétwdfxé['
'serve- as convenient struCtures for organizing the. knowledge into ‘=

e
'_hierarchies that represent reasoning strategies. The knowledge itself
.'consists of simple units in the form of question—explanation couples, )
rules, text files .and conventional programs.» Any of . these can be
revised with relative ease. ‘ he incorporation of all of the above -
structures into EXPAR has resulted in a flexible and expressive system.
4.4 rn- xx:us sxporé\sy-tc- Tps“ *G’ o '*f*4~j,;;j; ;:'*;;¢.~
'4.4. Delcription of the Systel - o -;‘,~t o .i'”;i?;di;7}:féf;
The EXINS system is divided into two main sections (Pig. 11)‘ The o

first section is composed of three tLtorials that describe several
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vaspects of monitoring programs The first one giveiygrsnprt summary of-.

T the four types of monitoring programs (i e., ambient, source, case
prepa'ration ‘and’ research) The second one presents a description of the ,'
:detection>"and‘iinterpretiye levels- of= source. monitoring.' The»tnird"“.

't

,rial' contains ' summaries of the 12 topics that are usually"
.considered in the first stage of a monitoring strategy (Table 2)

addition to tutoring the user, the information in the files serves to‘
:provide justifications and explanations for the- particular strategy to
be. reCOmmended_ in the ;second, section. Associated with the - topic

|

oy :ﬂAnalytiCal Program" are files that list the Chemical parameters and

r3t‘:._‘:ons;‘t:it:uei'x_t's commonlg selected for analysis for nine types of sources.
o -,~ - : ~,'__-’__’

,These source' typés' are listed in Table 4. All three tutorials are

accessed through the user S. respon!es tO questions while access tO the

individual topics and categories indicated in Tables 2 and 4 isl”

g menu—oriented. After viewing the tutorials, the user has the option of

s

-ending the session or continuing with Section 2.‘

. / . ) ;
, The preparation of a monitoring strate;y for the site preViously/

.modeled with ROKEY is undertaken~with the six c ponents that represent

Sectiona 2 of EXINS. Five of the comppnents (COnt _l Block~'Question,‘ "
G&obal Data Base interact with tne/

Explanation and Strategy Files~
Sty J
' user to ‘prepare' the strate :

whlch is written to the sixth component

.-;(Site Honitoring File) once it ~has been formulated Tne most unique

-feature in EXINS is the knowledge representation structure referred to»_’

fas the Strategy. File, This component is a data file that contains an

indexed 1isting ‘of -over . 70 "pieces". that can " be used to build & +

B R J"

'stratégy.v All of the pieces are. associated with the 12 topics noted £n

Table;;z and arevgrouped:according to the‘topic to which they apply._For"



B - - \ )
* ‘Table 4’*T9pes_of.sources'cOnaidéredfingEXIks |
:'cateéory Lo ,'_'_ B Type of SOurce -
"~ No.. C Lo
e h ’
1 c T Hunicipal Landfills
2 T N uunicipal Sewage Lagoons and Ponds
_ 3 P Domestic Septic ‘Tank Systems and chspools -
T o . ) s . ' Yy R : / :
T T ;Industrial Wastewater Lagoons and Ponds
5 R f'%‘ Industrial Septic ‘Tank Systems and Cesspools
‘6 C '"jif'f! rndustrial Landfills - all wastes ‘are known.
7 Industrial Landfills - a1l wastas are not known
- ;7‘~»aources of Leaks and Spills - crude oil ana
ST - derivatives , , , , _ o ' R
- 9 - l_ SOurces of Leaks and Spills = other: cnemicals ana ;-
A materials o
- v i} » L A 4
Y |
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SO o
~pieces"(Fig. 12) . uhich are used by the system to recommend the numberﬁ

and. configurations on nests for minimum detection detailed detectionp;

<

. \ ‘
and interpretive prqbrams. The complete Strategy File is given in_

Appendix E. S o o _ / 4

¢

A strategy S built tnrougn the selection of the one piece'in'the

group of aieqcs for each topic that is best-suited for theﬂaxte This

is nouembiished ‘with a set of production rules. Once; a rule has
. ‘»\V" )

’selected a piece, _the 'correspondi§§;‘index number is.stored in . the
F
global data base., At the end of the session the index ‘numbers for 12

_.pieces .will -be present in the global data-base.'The final,operation in

»

~the session involves the writing Of the strategy tO the Site Honitoring '

File. .This is accom ishv
in the. global data base are compared with those in the Strategy File.

For numbers that“match the corresponding pieces are, COPiEd and written

'to 'the Site Honitoring File. The user then can-examine the file,by'

I

having it displayed on the video screen or' by obtaining a printed copy

he, interaction between the user ‘and_tthe fsystem involves the

display Of a series Of questions and cheCXlists tO which the user makes

responses that are appropriate for the;site under investigation. Each

response first is entered into the global data base and then processed

by the ‘rule’ set. A successful match between the response and a rule"

- leads either to the display of- another question (or checklist),cﬁgto‘

. 4 ) -
the entry of an index number into - the '!tobal data base. For each

-

‘,'question and checklist presented, the user has the option of entering a
'"?": response. ThiS' will result in the display of an explanation that"'

“‘outlines..the reasoning being empryed followed by the redisplay of the .

ggample, the topic "Locations of Hohitoring—well Nests":contains three :

in the COntrol Block where the index numbers i

68
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007 'The‘suggestedJCaniguration is:
007 o N o
007 . Numper of A nests
007 Number of B nests - 1
' ©07 . Number of € nests - 3
- 007 0 N '
000 ‘Fhe info. for 008 is for a "detailed" detection program
JOO/
008 - The suggested configuration is.
1,008 2 _
008 # ~¢Number of A nests.-_4'
008 ‘Number of B nests = 3
008 Number of. c nests - 3
008 : - ) K
. Q00 Tne info. for 009 is for an interpretive program
000
' opé-J The suggested configuration is..
009 P
009 Number of A nests - 4
- 009 Number of B nests — 3
. 009 Number of C nests - 10
‘009 c o
i o~
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e
E

v

Figure 12 Pieces in "Locations of Honitoring-wtll Nosts" Topic
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question or checxlist Asf_ i ated in ngure 11 tne global data base '

.‘._/“‘ e .
in EXPAR is transferred to 3pe“ﬁﬁ&ns system. ;nformation from tnis

- used to help determine whe er a detection or anyknterpretive program

’?

"_~is most appropriate for the’given site. ' : R

A} the Strategy File. o ﬂh-_-f

. "J
of two rules are given in Figuré 13, All of the rules

R O

S Wi. - ioh

A}

V'converted to the If Tnen syntax of standard productiqgjfules would

-

number in the order of 130. - '. TR N
. R Lo . .{;_"_ ”3 o . y ) -'E?J“_'.?

N} »-

‘4.4.2 Dieculeion e

’." The architécture of -Section 2 in EXINS (Figs 11) i8'a modified

14
differences between _the two .are that With EXINS the produmtion rules

‘knowledge base.'nas been separated further into a Strategy File and

Vs
files for questions and explanations, and tne various TconcluSions
-~ SR 3

.

)

'Placi‘ng the rufes in the COntroi Block as programming statements

- enhances ‘the - organization of the system. In a traditional’rule-based

system, the rules can not be/organized in a way that yould identify

groupings of similar rules. 'There maY'be implicit groupings of rules'

that apply in specific.situationS'and at~certain stageS'in a session,r“'

70

: were written as If Then-Else statements in FORTRAN 77 Qnicn if-_g

[fgersion'AOf' the.architecture for a”rule-oased systemﬂ?Fig. ZYE&TpE*main i

T are located in the Control Blocx ratner tnan in tne knowledge base,/tne S

.;can  be offered by the ‘stem are expressed as grou.ps of pieces in

'but tnere is no explicit indexing of the rules by situations or stages i;

(Aikins, 1983) Tnere are two main disadvantages to tnis latterlmetnod

of organizing rules.. First. it usually is not possible to determine the

.o

P

potentialvgreasoning sequences that can occurgby éxamining the ‘knowledge -

base. Second, it isd'usually 'difficultffto make modifications or’

o e S - : .
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I system: 5 ‘ouilt .on a topic by topic basis with the programming for~

¢ : - ; Sl .' - .. oY i

- addittons to sets of rules without EXDllcit groupings particularly

where cnanges may have indirect effects on other rules._Tnese problems
were minimiZed in- EXINS by organiZing the rules into explicit groups

s
according to the strategy topic to’ wnich -“‘y appl*ed As a result tne

eacn appearing as modular unitsr- Instead of- working With a gapup Of

- assoc1ated witn tne selection ‘of the strategy piece . for -each topic can‘

STy

" “pe’ followed eaSily and modifications to the rule sequences can be made

13

with little trouble. Any future cnanges to tne rules would require tne

*-pieces would haVe to be wri

"more difficult The Strategy File exists as- a text file that isf

about 130 rules, 'only tne rules aSsociated‘ with a,topic (ranging'

;~ between 2 and 36) had -to ‘be conSidered at’ any one. time. The reasoning

1Y
- ,u ‘

recompilation of ‘the code but it is anticipated that cnanges more’ :g

1ikely would occur in the Strategy File..

- The - strategy piece’s contained 1n the Strategy File represent the

consequents of rulesv and are linked to the rules with index numbers.‘

" The Strategy File “was cre_ted tet provide ‘a -convenient means .of?'

i,expressing* the .consequents of\

P -

ten into tne rules thereby adding morez

tne_'rules; Witnout it tne strategy S

programming to ‘tne COntrol Block -and making revisions tg tne pieces"

~

by the user witn a, standard editor if the need arises. The file iS"'

', v T .

fully commented to assist users witn this._iw

-

. R . e : R -
v . . . . . . . ", L3 . e

ay
.

external tO the programming and as such revisions can DB made readily‘



"answers to the following here sougm:.

'(a) was tne heuristic knowledge in EXPAR valid ?

5. SYSTEM EVALUATION:

”,&1Im:ammnm:'v{tlf =fmﬂ{ilfg¢ji_sz"_f-{iﬁ

Some type of empirical approach is usuaily used to evaluate tneff*""

.

fiperformance of an expert syStem..A common one involves the comparisonnvj"-

‘ Aof results generated using the system with results dbtained using an

N

s

'independent approacn for the same prqblem (Weiss and Kulikowskir‘igas).;n

-

-In one testing procedure, ne or more nonexperts could apply tne system

,'to ‘a problem With tne reéﬁlts compared to those obtained by an expert.

v .

. A variation of this approacn would involve replacing tne expert by a o E

» . e
. -

;correct_ answer tnat is available in tne form ofva measurable pnysicall.%'

*entity i v';akl.'vﬂ j.-'fi fffp - .-v;llt,f,_ﬁgif~*-

L
Al

An evaluation of Expert ROKEY (prior to tne development of EXINS)-*"

l

jwas;»conducted using tnis latter approacn., Eighteen students “in aw

J R

'graduate 1eve1 course in nydrogeology were given a deecription of an'
Vexisting contamination problem and were assigned the task of utilizirgf

tne system to predict tne distributions of three organic cnemicals. The""-"

".'15

evaluation tnat followed was centered on aseessing tne similarities"

i

between the ,simulatéd and known plume configurations. In addition,

‘%'Q;

: (b) where tne results obtained by tne subjects sufficiently accurate

° 0

for risk assessment decisions or for pIanninq tne first stage of T

.P

;monitoring strategy ? 'i[z*;j "g'”%ﬂﬁf;f,*“'”‘“;l~-v‘

'ﬁ(c) was tne system sufficiently ueer-friendly so that it could be usod

witnout aifficuity ny aii of the subjects, rcgaraicsa of oonputor -

\’ -

;aniiity ?




\i..

‘and-_solids- were vburied. As is the case for many disposal sites,

~are not available.

,r\ ' .
.

'(d) to whicn parameters were poor or: incorrect values given 2 ‘”\f“

As .Vith »all evaluations, my main goals Were to assess the present

PSS

ﬁvfcapabilitiesk.of tne» system and “to identify tnose parts tnat required

s

A‘improvement. o

5.2 Site Description _'f A

brace

é&;e 9géif:e selec'ted for the evaluation was tme Special Waste

: Compound,, part of the Gloucester Landfill located ‘seven’ kilometers ‘f:

_soutn of“ Ottawa, Ontario (Fig. :14)5 ‘A detailed'description of- thisﬁ;

»

contamination. problem ‘is\ presented in Jackson et.al. (1985) and -
additional information is availabke in a consultant s report (Graham A

“,et al.,~1985) The following was summarized from tnese two sources.

Tne .Special Waste COmpound occupies qg’area of approximately 0. 36 7

"nectares (0 9 acres} in tne southwest corner of the municipal landfill.'ﬁ

.Over a 12-year period (1969 - 1980) ‘a variety of.inorganic,anduorganic.

s

. . w7 ) A R
wastes were~ disp05ed ,of 'in snallow trenches. In some instances,itne

-~

' ~wastes : were ignited before burial Available records snow that at least'v

'.'f108 000 litres of liquids, and 24 tonnes (24000 kg. ) of boxed liquids

‘eempletef°inventory'-df: wastes and.tne>date5'on wnicn;disposal octurred

, B . .

The 'site is underlain by glaciofluvial and littoral deposits of'"“
«,‘Afzg

Quaternary age. fﬁé hppermost bedrock unit is an Ordovician limestone.""h

v R
,Five nydrostratigrapnic units have been identified on the basis of

»

’T nydraulic properties (Fiq. “fs); Altnougn the disposal trencnes are- iniv L
,contact vitn Unit E tne majority of contaminant migration is in Unit ‘
c. Downward 1eakage into tnis deeper unit is caused by discontinuities

lfin Unit D unich act as “nydraulic windows“. OnCe in tnis‘lower aquifer,

W

‘fv-_ i LoE ;~\i_g’ e S S ,1‘3- {‘,vd
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_ B
e migration-'is: predominantly‘horizontal'in_an‘easterlv directionliUnitac"fff‘

It is comprised of a complex sequenee Of}{i"

is ‘a heterogeneous stratum.

"interstratified and xinterfi ered ' layers ’of’ Silt anddﬂ”and;
1 poorly—sorted gravel..}' | expected,. the hydraulic cnaracteristics areﬂ"
quite variable._ Hydraulic conductivity values, as degkrmined from theﬁi';*ﬁd
results of - slﬁg tests range over two orders of magnitude (avg 0 o1 3f?€_h
;cm/s) Aquifer tests yield a smaller range with an. average value that

A

higher (0 049 cm/s) i The results of point iilution tests and an?/vt£,;
analysis of the distribution of bomb tritium yield :ﬁground water e
'-f[ velocity of about 5 cm/day.LThe most important mineralogical parameter.‘
associated witn-_ tne calculation i of relative velocitbes .(i e., ..-”
:i retardation factors) for organic chemicals is the organic carbon.ﬁ
,vcontent.‘ For Un*t c values for tnis parameter in the range of 0 0015

o 7’p~'
LT to O 0131 (expressed as fractions) have been determined.vﬁf-”

Three of the .organic compounds disgosed of at the site'andeﬁ
.sel cted for the evaluation exercise are“dﬁ 2~Dichloroethane [DCE].
tricnloroethylene [TCE] and acetone [ACE] The plumes for these
_:~'compounds and for c1- (based on 1983 data) are shown in Figure 16a. The
o maximum migration distances ogthE. TCE and ACE are estimated to be 50-.3“
S g ‘and 460 meters, respectiveiy. Acetone appears to be a non-retarded
compound in that its distrihution is tne same a8 that for c1-_ Baeed on

the 01- data, it appears that ﬁotn Cl- and acetone were introduced intof 'J>

'tz'on reactioﬁp. .and dispom at a.time




T ®

T

- -Legend

' Glouoester Speclal Waste Compound
: E DnsposarPond s e E
. =Cr= Chioride Plume*
 -TCE- ‘rﬁcmquemylgn_e Plume -
- -bCE- 1,2 - Dichloroethane Plume -
| =ACE- Acatode Plume -~ « .

DS4 Data Set No.
TS10 Test Sublect No

.

e

*

0.



compounﬁs Witp any transport model codid be a difficult task in view ofﬂ‘:xi :

.I"

the complex nature of tne problem, tne caSe of tne data requiremeﬁts{

Ty of ROKE! the, absence of historical \information fqr tne disposal.x N
T ' f". o N o ""Q' ',F‘ - ‘ ,_

i operation precludes the assignmentx of actual initial concentrationj*f

b \_,\ 'rv-—'

values.. It also rules out the possibility o?ﬁassignind*ﬁhanges infﬁ

¢

"tgi source concentration with time which is certainfto nave occurred‘ The;f;”wi.
assumption‘finnerent 'With ROKE! that transﬁbrt occurs norizontally from5j,:;;'

" tne source*in one—homogeneous stratum is not metf As

‘?

result..aPPIYingfffle.i

.\;\a»‘. "'~

"'i‘t botn ,;:prR and ROKEY. Speclfically,v a ‘ rei’ance on neuristicf‘ ghin

knowledge ,would be unavoidable and several aesumptions innerent Qithiiéiiv“
tne transo;rz nooel uould not be closely met..a,ﬁfgz"w"4"”l . | |

i’" . 5.3 Dolcri;tion»of the: ontcil! e i _ : K
'-%'iv.;"_ 1'{Tnev 18; teat subjects were‘informed tnat an’ unidentified facilityy : f

pond for’ 1 5 years Tney were given a site map snowiné tne ._‘1oca-tion anc
" ;&.g surface ar;a Eé tne pond, the ;round surface topogta;h§ C"f"‘-7"e ifb" » .E
ok ot LT ’*u.f
Jand the litnologs for two borenoles.,Each sﬁbﬂect 318°‘""‘91V'“ °“' °f, ‘ “7
four data iets thht contained site~specific 1nformation (TaQ}e 5) All“ ;?g:f
were _ assiqned tne task. of usinq Expﬁtt ROKEY t° Pfadict "-h":: j"ﬂ

distributions of ﬁca, rcz and AcE, ‘cmce cbn%ieted, tney wero to provide’f

\" ‘,v ',“)1 P S ._~' K."! T ’

detailed accopnts tof tne metnods and reasdninq used in dorivinq tho{

'}77{ valués for tne:;arameters in ExPAR. ,_w;;;;.j,jxﬁi"; L]{;f‘_' S

"‘Tne information givon to tne suqucts vas taxon from tno roport by;‘;

AR B
: i o

Jackson et.hl.g'

.

(1985).v e ﬁata*;sota voro proplrod nsinq tnq.

-

1“f°f“‘ti°"” f°r' Unit C-- TO‘ tilplixy;tno soutc- chdractoriatics, tnt.f"i

. unlinod pond ratnorjff"
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| v sl R0
;rable's-'natagsets,for Evaluationtzxercisejk“fffi L

i Data_Set N 'V:;_ fl _.'f i,. ' f;"_. .Qata“j~1ij.ﬁ o
No. . ' : T
--------- ) //. . v ._A,""')- ~ ' ‘ T - ' T
1 E o - grain-size distribution data for ‘one sample
2~ iﬁ",?xone hydraulic conductivity value based on r\SQlts of
¢ 7 -an aquifer, test ,

.. = hydraulic head and: d%ncentration data ?or three 3
".-piezometers ' o - . . .

L3 e --grain-size distribution data for one sample
RPN < = one. hydraulic conductivity value -based’ on. results of -
o "~ an aquifer test’ .~ AR -
AR hydraulic head, hydraulic conductivity and concentra—
N 'tion data for seven: piezometers (hydraulic copductiv—"‘
’ ity values determined from resilts: of single well
v response tests) ‘i

4 P two hydraulic conductivity values determined from
o  résults of single well response tests :
v = .the mean. ground water velocity value based on results
) of point. dilution tests

-

"« . . .- hydraulic head data for 8ix piezometirs
o . .= one organic carbon content value
. . , g . - ‘ ' ‘
. R N
SRS
:. \-' )
. 3l 0.
\.. ) - ﬂ:l.;.." ;
1 : ’ S
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7_than a series of disposal trenches. The subjects nad to assume tnat tne

u

—— ° \

organic _chemicals were entering the subsurface ‘on a continuous basisi

B

» ?over -tne 15-year period from 1969 to 1983 Tnis assumption lixely :

describes tne source loading of acetone reasonably well. However, thered
.lS no _confirmation that tne loading of DCE and TCE was continuous for
:15 years.~‘ | | |

’ _-'5 4 Reeulte ana Diecueeion

Tne plume configurations .51mulated bg‘four of the test subjects..

© each wcrking witn a different aet- of site-specific data, are shown in.

 Figutes 16b, \15c,1.1se and 16e.v I have _examined only four gets of .
":results-.due to ’tne 1arge number of plumes and associated parameter L
_values generated in the exercise.' The subject, selected from eacn":

;:‘ data—set group was cnosen on the basis of tne individual who met tne'

minimum qualifications of users (discussed in chapter 3) tne closest.

' Test Subjects F'and (Figs..,16b and 16e) are practising"

'hydrogeologists experienced in ground water reeource development but_a

Anave 1itt1e experience witn contamination problems. Test Subjects 8 and

"lao (Figs. -16c and 16d) a practisinq geologist aﬂd a.graduate studentﬁ,

hydrogeoloqy,_ﬁ respectively;‘; na&efl educational bettgrounds -in”f o

i

hydrogeology but no relevant experience.

A comparison of tne simulated acetone plumee vitn tNe actual

‘ R . R
',;Vconfignration (Fig. 16a) illustretee that tne plume in Figuﬁb 1 “;ig a
. - ) . 'm RN B

B cloee matcn, tnose in Piquree -16b end 160 can be coneidered to befh

. teesonable eetinatee and tne plu-e in rigure 16c“nefre no reeelblence.*;

>

' f*h reviev of tne peraleter ’valuee ehoved thlt the lenqtne of tne-a .f

jeinuleted plulee ditfer -einly due to veriatione in tne velnee eeeigued

r‘“

'3to tne advection rete ena to the eource conceutretion. -f.? -,ff.e'f? -f‘i- -

. _J/f )

plume :

Lace



o The acetone plume ~shown in Figure'16c is-a poor'approximation'of
the actual plume both in«terms of size and orientation. The large.plume
. size was . an artifact of the particular data prOVided. The average
‘ hydraulic' conductivity value given in Data Set No. 2 (Ds 2) was’ di{ived‘:' -
from the .results of:-the aquifer'-tests. 'However,, thisivaluevislan'
overestimatel of the' actual value.‘ The use of this larger value in
: iconjunction with the values derived by the subject for’ nydraulic e
gradient and effective porosity (both of which were appropriate for the ,;fﬁ
site). 1ead to an advection rate of 11 cm/day. This value is more than.
twice the actual value of 5 cm/day noted preViously. The error in thes'
transport direction wasl caused by the subject s misuse of the given'
hydraulic head data. EXPAR does not provide assistance in deriving the
principal fdirection.-of.-flow’ (i.e.,. the transport direction) from-
nyaraulic_:néaA‘ dsta.iirnerefore,iitne ‘user -is responSible' for”. its
wderivation. ‘Test SubjeCth:No. 8 determined the direction indicated in
o Figure 16c using a three—poin* solution. However this should not have

"been attempted because the three points virtually form a- llne.

- The selection of acetone forced the subjects to seek advice,from

-EXPAR for providing source concentrations. .The subjects reactiqns to o

Iathe advice also demonstrated tpat the user is always in control in'thﬂ'
f;the advice does _not have to’ be accepted. In‘the absence of a knovn
"sourCe concentration. EXPAR first recommends the use of the chemical's
:i solubility 1imit or a concentration value from a similar facility. The ~.5v
'subjects were [not able to. do veither because acetone is infinitely
"'soluble (i.e.. it ‘-s miscible in all proportions) and conoentration

- ,.data for - otner facilities are not included o exnna (acetone is not on

the EPA's Priority Pollutant list). iven tnis 'situation,f EXPAB



{recommendS' that the user ‘work with relative concentrations wherein the~f

. §
, source' is 'aSSigned a "concentration" of 1001 and computed valuesvof

;._0 12 are taken - to define the limit ;of migration for the chemical.f

3 SRR

'Interestingly, none of the four subjects followed this recommendation.“

fTest Subjects 3, -Bl.and S aSSigned concentration values based on'

'ru;\i vunspecified . reasons {(assumed,-to be:guessed:values).‘Test Subject 10,

.tdowngradient from the source, simply assigned a value that was larger

_than' these.- It is worth noting that one of the subjeéts assigned DS 4'v

gi’used the relative concentration approach The 1ength determined for the

',acetone- plume ~was 500 meters, .onlv slightly longer than the actual

length of 460 meters. _';7

The simulated plumes obtained -bv Test'Subjccts'3',10“and,17 for:.-

TCE are reasonable matches to the 'aotual plume configuration. The

o
L

variations in. the configurations -are ﬁainly a function of differences

"-'uefauit value of 0. 001

freported :.in Jacxson ‘et.al. (1985) 18 o 0015 to o 0131.

Therefore, the default value vof 0 001 can not be considered to be,’

r PR

inaccurate in this pq%ticular ‘case. With regard to the transformation"

th value recommended by - the system for abi tic hydrolysis.

R

' ,‘ all of the simulated plune confi rations for DCE  are . poor

estimstes., There are two '’ possfgus explanstions for this resultf Pirst, s

it 18 ‘possible th&t DCE vas iintroduced to th‘ COlpOﬂnd durinq th.

e o »li\'“

B ' »Il-'f ) _" .Q"' o e

" Wwho had:‘ concentrationd data. for three 7sampling :points located'

to Test Subjects 3 and 10.'

of TCB . all test subjects used a half-li e value of 320 days. This is_

‘ )_';-, g



B4

. V.
L b

latter istages"of.operation. Consequently, the plume. has developed over .

s o

‘a period 'of»'time that' is -'less than 15 years.~Second the'half-life'

5va1ue for- abiotic hydrolysis used by the subjects may not be accurate.
'_sii"

‘”Callahan, et al. (1979) indicate that the half- llfe may ‘'be in the order

: of 50000 years. However, they also point out tnat 1t could be as low, aS'f'

- \\

'6 to !8 months or, possibly, even only about 40 days Because these

Vo
/ .

investigators indicate a preference for the 50000-year value, this was

_the one eptered into’ EXPAR'S data base of chemical data. All-of the-;

" sibjects used thiS"value: in their, Simulations. To “test whether a

d

shorter half-lifeofwould .yield better? results,. I.reran»the data set

-__prepared By Test - Subject 3 with a half-life of 40 days. The 1engt;,of -

;the resulting plume was 60 - meters WhiCh iS the same as the’ length Of

¥

the actual DCE plume. The impor ce of my simulation xs‘simply tnat

‘\

the half-life values suggested by AR.could be.inaccurate. EXPAR-does
’iadvise the 'user of -this and recommends that nalf-life values for any

chemical should ‘be: researched and cnecked beforé use.

i};';

Comparisons_ of the plume configuraticns derived by Test Subjects 3.

and’ 17 prov1de indications as to the validity of the neuristics,”l

: employed by - EXPAR Test Subject

A
l

L utilized a significant amount of .

N heuristic information .as 18 of the 22 parameter values were obtained'»“

vdirectly or indirectly from EXPAR (Table 6). In" contrast,‘ TS 17

‘obtained only 8 -valueS' from the system. Based on plume lengths;”tnev:

'results provided by TS 3 for- acetone are'more'accurate“than'tnose

determined by TS 17 wher e opaosite is true for TCE However the*

A

. o . . . )
-.variations can not

provided by .both su ,g*tz/ were approximately the = same’ altnough
;inhccurate,_»as ‘noted ‘abave... 0vera11 it is apparent that the plumes

PR L /*\’

'{’1arge The results for- DCE :
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"'Significanfly

: aVailable- in

§ignificant in view of €he fact tnat some of tne subjects nad little

'jf examined in detail However, a general assessment of plumg 1enqtb% was

':made. Tnis- snowed that tne plumes determined by seven subjects were -

- R T SRS a Sy
predicted ‘lafgely on' “tnej basis of neuristic values.Lizte“-not* A

A .
ent relative to tnose prepared using the{best B
‘ ' A L % -
_ion. JTnegeforéﬁvu le» neuristics employed by EXPAR
” SR R _

. appear to be valid for this particular site.'j»- R v if;.f'?f“

In terms of lrisk assessﬁent or tne -planning of ‘a first stage
- % PN D . T
monitoring strategy,u. th results B obtained by TS 10 would be

satisfactory ‘for - all three chemicals modeled. For Test Subjects 3 and

n17, the predictions of ACE and TCE cdncentrations would be acceptable

but that of DCE would not. Tne resuljr provided by TS 8 are obviously
. _ .
unsatisfactory for assessing risk and planning field studies. '

The eValuation of tne, ‘human »engineering aspects was done on an 9
B e 4
informal basis. No system "crashes" were known to nave occurred Based:r,

" on several 7intervieus,, tne test subjects found the system simple to

. . ) - . -

operate - and_ easy to‘, understand.' This result -was - particularly

[} ' e
previous experience with transport models and computers. In fact TS, 17
. ,(.
L ' A P
3
had never used a- computer priGr to two weeks before the exercise was L

initiated. ,The only improvementfsuggested and 1ater added was to have a

a. .
means witn ‘yhicn a partia&iy completed set of data couid be saved ina

the ‘event - that a session was interrupted and nad to ‘be completed at a

lateﬁ- time.i Overall, tne subjeﬁts were satisfied #!ph the performance

-

’ and capabilities of tne system. PRI o - - , —'

1
o\

'l‘he results provided DY the remag.ning 14 test subjects were not

1

.

:t}-reasonable facsimilesA of tne actual configurations vbile the opposite .

* -~ T e
was true for tne otner Sﬁyen. The poor. resul s obtained by tne 1atter

S
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tne exer;:ise was an. ﬁ;;rtant (factor. T _' ( R e
. . . . v o g . : .

were caused :I.n part by an Lnadequate understand:.ng of

However, it ’was obvious that tne tlme and- effort given to ‘

v
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The results' of" this investigation” have illustrated that expert

S N . . X ’ o A

- &
systems‘. can be developed. solve problems{/\tsociated.'with the

-

implementation y of a transport model. The investigation also has *i";

Ta. .
g

demonstrated that the complexity of planning, a monitoring strategy

v
L 5

N could be alleviated through the use—of these techniques.

| , Py . el
i The knowledge representation structures ~employed by QFPAR are' -

e ‘. -
‘:

effective for storing and conveyiné the information r’gpired to apply

A .
the ROKEY model. Of particular '1mportance is the incorposation of

r

o

expert users should find the system ’eful Tnese users likely .will

take advantage of several of the bot om: level programs, such as the

.

- "'existing ; software : that increases the power of the system.‘:By ,f“-'

#partitioning EXPAR with a ‘set of computer' forms at the top level, L

v interfaces to the data bases and the consistency checkfnq facilities. _

-

o knowledge in. the domain of contaminant hydroqeology

[ \ - A

Non-expert users can apply thb model to contamination problems vithin a

s . N

snort period of time. This group even would ihclude those who' are

I

unfamiliar with models and computers This user-friendly capability has

o

been achieved with the assistance, advisory and tutorial‘facilities in . o

‘the bottom level. Related to this is the most unique feature of EXPAR

"Arf the formalization of reasoning strateqies and other heuristic

[P : ?

‘_ At ‘the present sime: EXPAR s at'an advanced stage of development. e

“The . results ’of the evaluation exercise indicate a high level of

performance both in terms- of assigning.valid parameter valuee and in

R W

L human éhgineering conszderations.. However,- there has been only one

_— ¢
I

A

’.eyaluationh A full assessment can be made only after the eystem hae )




'been applied to a 1arge number of sitesiahdﬁtyggs'of‘sources._Thef].v

4

. .\.

assignment of hydraulic conduclivity values, the=validity of half llféa,,'-

. values.» and the lack of assistance‘ in determining the prinCipal; ’

—A
-

direction of transp;rt.- Host of the knfwledge currently in the system

L

. has been obtained from public sources with the remainder coming from-myf:

. a : .
own heuristic judgments. The\ next stage of development would involve’

‘n _‘.-

_'the careful scrutiny of the system oy recognised experts. This would beﬂ

.

followed by the refinement and possxh}e expansipn of the*system to

include improved heuristic knowledge. All Of thlS further r.efinementr '

: could be done, at least in part by others as various portions of the

. system that users can _modify anda the instructions for doing SO are .

:‘ b '
. knowledge can " be . modified and expanded by the users. The parts of the.

o

NP l.

given ' in wthe. operationSa,mang& _for Expert ROKEY (McCIymont, and
. .« : \ . . r,“ A . .

_Schwartz,, 1987) Nonetheless, I believe that the current version of

'EXPAR could be used . successfully in many contamination studies.
' Y i

The numerous structures USEG tO build EXPPR has resulted—in a

E4

.flexible and expressive system. One of the benefits that can come from

o . . N\

this 'is the pdtential for applying the method@gogy to similar problems

_model. [TRe .

in . the domain.,Iﬁ the present sense this would involve the adaptation
1o .

‘of EXPAR to other dontaminant transport codes. work in this area has

v

already - begun : wnerL Mattson’ (1986) used computer forms rin a
o 3 : y ;
o preprocessiz for the USGS HOC (xethod of Characterist}cs) transport

-

!3 : [ -

next step of adding bottom level programs would be

,straightforward particularly in view of the fact that ROKEY and MOC

share several common parameters. It folloﬁs that the architecture and f

,2& o
: iy
structuresv_of EXPAR could be agplied to otheg:transport codes or, more
. , roy G e

'exercise did reveal several weaknesses in EXPAR, particularly with tﬁe-',m

|



"traditional rule-based systems. Tne .next stage in the devblopuent}'
<¥process would be to refine, expand and test the Rnowledge’in theg

i system. However,. it is important to note that the curren' arcnitecture

"'c‘..

generally, k‘o any computer program that requires a large set of input {;‘fis

PRt - "

; ‘ffthe,: current design

architecture for accomplising ifs tasi of recommending a monitoring ::f_ -
'strategy Tn; publio. Khowledge tnat it contains wa; f:i

;representation“'nsing the production rule formalism.;_-,'architecture;‘ﬁ_ .:
: iy v R e . 5 BT
emplolhd_ minimines son%-h he Problems tnat have been identitied.witb;fiij”

' - -

.. may- .beCOme unsuitable in the~ rule set increases to over 200.._'

» — gt

'Specifically, the time to compile Ene pre'ram \}\become excessively _'“:x

long and the organization of tne rules could become cqmplex._Tnerefore.;;jm s
A - ,»-\ 31‘.;’

"consideration would nave to 'be qiven to redesigninq or replacing tnei:~ﬁ»l
arcnitecture. One possible alternative- 1s to combine tne rules withj«" b

a s R s

frames Awhere a frame represents one of ghe strategy topics in tne~‘ ¥
- )_‘\,'_ g PR - S . e R SRR - ,

system, [ I *,g - v¢a~4 -'%i i .
DR - . S : ) . o |‘§ . P
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. Yow may find it useful to fill 1n tne information below t  help xeep track of

’Pfo;ectihamein

Comments:

this session. All entries however, are optional. : fox

LY

Project no.:

.Date (mo/day/yr)

Site name:

. Name of 7&53:fm; g

Investigator: .
@ : :

) Syl

r—

&

F1:bacx’2:nékt,3}ente:,4fpg? 5:elab 5:assist“7;pg.bkfahbg;fwd'9:-f-'ﬁd:exit_



e ‘ S S :" ~ _Form.

Beforé continuing}'we fneed entrie!'for tne five parameters listed below. This
information will ' used for consistency checking and providing assistance ’
later in the ses ion. If you wan; am elaboration of any parameter,- just move

J the cursor besidd the parameter and press F5 To, derive tne value of a para-'
-meter, press F6 (a0 not press F3). ' = .
‘Name of chemical: \ . » ) . o
Type of -source: AR R B \{\Jr o
~Type of stratum materéal:r'iv R o B
- ‘\ ’_."——/ . . . N

‘-Slope of ground surface*‘, o 'f\_ o ' 3
Principal directlon of . norlzontal ground water flow:

Fi:back 2:next 3ienter 4:pg? Sielab 6:assist 7:pg.bk B:pg.fwd 9:--- 10iexit.

1

f e ———

P L SR L

1



- The followihq transport,and simulation information is required:

_ "'i'. o .  .Ai1. -i‘ »»\S;%(/’fi‘{: 1 i-v: 'u;},ﬁifi' >i°£f-'

( ‘ ;. o v;,“_'  . fv "‘ ‘ Fory;;
VI

Advection rate (cm/s) L \;;;

'Horlzonthl hydraulzc gradlent (fractlon) o ' ’,, o .-
Effective porosity (fraction)

———

§ Dispersivity - lon itudinal (x)

(cm) _,;jtr verse—norizpntai w): -

L *Htran3véfsefﬁertida1'Ki)i\
Effective diffusion coeff. (cm2/8):, . S , I .
Simulation period:. ' days -or _______ years

-
o

-

o F1§béck'2;next 3:enter}4:pg?.5:elab 6:assist 7:pg.DK 8:pg.fwd 9i-—- 10;exit

’
r .
. 3
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The following -information. related to the

refers to distance below ground‘surfage.

-
2

. »

Leﬁgtn-gf sourcé (meters)
Depth to top of source (meters)
Depth to bottom. of soﬂrce (meters)

Deptn to wa;er table (meters).,

Depth to base of sﬁratum (meter59

-

.

o .

a

Lo

. A

103

~ _Form.

size of thg §our¢é,is\requiréd{ Depth

. )

Ny

F1:back.2:next 3:enter 4:pg? S:elab 6:assist 7:pg.bk 8:pg.fwd 9:-—= 10:exit3f
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: 1~ Form

Tne-following time and concehtration data are-héeded ROKEY vorks 1n rslative
time ‘'so the’ initial entry of the chemical ‘into. the. ground water system is set
at t=0 days. All other times (if applicable) are. specified relative to- tnis.
Any time. 1ess than 100, 000 days can be entered.. ' . .

Spll_;bility: - o ®nits: .' ' R
7 Initial concentration: . __ . S qPitéz' '
to A p ———— ) -~ e = \ .
) T - . . . . ot . . . ’
‘ Time COncentration . New COncéntra:ion 1”
-l cnanged (days) N~ ‘ -T .
o . . . AL [

[ : — .
1 )

H‘l-l

(continue on next form if needed)

F1 back 2: hext 3. enter 4: pg? H glab -63 assist 7: pg bk 8 Pq. fwd 9'--—'10 exit

//.



- R B
' Time Concentration
. Changed ‘(days) -

N

-~ g ) ¢

:,'5;/;7 Fi1iback 2:next 3:enter 4:pg? 5:elab

Pl

G:assist 7:pg.bk 8:pg.fwd 9:-—- 10:exit

I3
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Values f?:r t}?e parameters 1isted below are needed if retardat o via sorption :
_'is to be accotmted for., If you do not want to corpider sorptio ~‘ Just enter
a value of 0 for "Drganic carbon content" and leave the other: slbts blank.'.
. , . . % R
Organ:.c carbon content (fract:.on) Lo e ’ R
Organic carbon / water partition coeff . (log value) ' - o
: -Total.porosity (fraction)':’ : e = . R
: _.“bry'bulk density (g/emB); o . - L R sy
. 'va : . R ‘ . ‘ . - ‘» A
A‘ ) . . ‘
\‘/ R : - .
Fi:back 2:next 3:enter 4:pg? 5:elab 6:assist 7:pg.bk 8:pg.fwd 9:~== 10 exit
P
" \
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B Ve e L R . . . L o . N L. s .

The transformation or éecompoéﬁrtion of the cnemical due tO abzot;c. nydrolysis .

or biotransformation can be accounted for by providing-a half-life. value. The
vprogram has been set-up to use. one value only and, as such, the smallest: one
entered that is greater than zero will be .used by ROKEY.

.y
‘Hydrolyti¢ (abiotic) half-life: . ___ days or - years
Biotransformation half-lives: - o »

. * . i - ; . ’ ’ ‘-. ' 1 : ) (

. Bherobic .conditions - -days  or -, .~ years ‘ T

. . - " . . -» - ‘ »_ ‘ . ) . ’3 »
Anaerobic conditions - days -or ‘ years
l» -‘
. . .
. oo ~ - ' » : , . «
- Fiiback 2:nexy 3:enter 4:pg? 5:elab 6:assist 7:p?.bk 8:pg.fwd 9:-—— 10:exit
v o . o , . : U

v
) -
~ -

. V ) . N
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. Béfofe~$péci¥yingithefoutput data and“running ROKEY, do youiyadt
yo S - ’ o

N '~a) the data set evaluated ? (F5= elab,’ Fs- yes)
: b) h pheck of tne plume Aengtn ? (Fs- elab, Fs- yes) g T FE

, \ o
. Q@Please enter the followxng output data. . B

tx_interval (meters): .
S S A v
XY Plot: = Y interval -(meters): o ¥ ]
L Z coordinate of XY plane: __ o
o ;§§Qplot: Y coordinate of XZ plane: . " .
L nﬁme to»be'given‘tb this input file: e o
;Name to be given to ‘the output file: ' N - )

Name to be g;ven to tne plot file.
Do you want -a listing of tne data set 1n the output file ? (Y/N) :
Fi1:back 2:next 3 enter 4: pg’ 5 elab 62 assist 7 pg bk 8 Pg. fwd 9‘--- 10 exit .

2 : : . . ,_ . -
. - . kY . °
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SR

V?ransport‘Progess; ' Parameter That Tutorial .~l." Tutorial TSpics

o 3 ‘is Accegsed From S N
_Advection - L Advection rate o d,Summary

" . . . ‘. .-a‘ ."" B S -

‘Mechanical -',ii;t: Dispersivity . Level i _

-‘digpersfont o £ longitudinal (x) = Dispersivity ‘and’ Dispersion in

, Contaminant Transport
[HDescription of tne Dispersion
...  .Process.- . _f
b Dispersion is Directiona&\
f,;;nicrosdbpic Dispersion

-, ~ Macroscopic Dispersion

Wny Dispersion is Important

. Definition of: Dlspersivity
RN Deriving ‘Dispérsivity- Values.
. Values of Longitudinal :

. S B Dispersivity
: o , ;Levelz - T
I : _ : . 'Fick's Second Law 3
. o : ) © ... Sites With Fickian Dispersion.
o S o : /- Sites Without Fickian Disper-;
sion
s ) S New Approacﬁgs in Transport
- : ' L o ‘ o - Hodeling‘ e .
. . . T ) »
‘Diffusion . . Effective diffusion  Level 1 - ,
' ' L . coeff. . ‘Definition of Diffusion -
: o _ Diffusion in Contaminant . -
~ o Transport o

Values for the Effective
Diffusion Coefficient

A . ' B < c. 0, Level.2 LN
R T ' o - Sites Where Diffusion COuld
o . S Be Important : .

Molecular Diffusion Coeffs.
Effective Diffusion Coeffs.

- B ' Apparent Diffusion Coeffs.
Sorption = - organic carbon/water Summary 3
o : . ' partition coeff. h Sorption Y

‘Estimating Koc Values
Organic Carbon Content

) . e -

. o o - Reliability of Retardation
- . e C Factors
B : , . «
® . SN
y ~



. Transport Process

ey

=

Parameter That Tutorial

is Accessed From

Tutd®ial Topics

“Abiotic Hydrglysis

A

>

1

‘Biotransformation <

o

Hy@golytic'(ébiatic)
falf-1ife .

v

e

Aerobic conditions
. Q
‘Anaerobigyconditions

introduc’ion.f

. Rata of Hydrolyéis

Products of Hydrolysis

'Half llfe Values in’ ThlS

' COmputer System

'Introduction

The Process of Biotransfor~'
mation

Factors Effectlng Blotrans—
. formation .

Rate of Biotransformatlon

Half-life Values in This

, Computer Systemﬁ
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Summary of Contents of. Assistance Programs
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- '/7; % parameter .. ' ;V__;fu_ - " Type of Assistance ;

,3 Form ¥ bookkeeping S *”no assistance prOVided~ entries are volunteered~f"

Lo parameters _,_9 IR by the user ‘ o » :

. L] C

R Name of: chémical S -fuser selects from menu im CHEH LST-‘currently 7

AR N SR contains 118 organic chemicals and isomers from

S o e ,'“'” Ve L ULSs. ‘EPA 129 Priority. Pollutant: List 7 :
‘»e:f’('ﬂ, T -+ .-.transfers plausible- values of 169 Kow and solu-

pility from CHEM.DAT to the global data ‘base-- -
. = transfers default values of abiotic and biotrans—
: :formation half- 1ives from CHEH DAT to the global
_data base

Typp of source C= user selects from menu -
) o o ‘- menu-lists 12’ types of munic1pal domestic and
sindustrial sources : .
. =~ access 1is given to lists of types of cnemicals
°"b'(and reparted. concentrations) assoc1ated With
-+ .each source S

'Typevof:stratum5material ;" user selects from menu
s 7'~ menu lists 12 material types :
o - transfers’ default values of hydraulic conductiv-“

; &": - . : Lo ' ity, porosity, dry ‘bulk density. an organic carboni"'
g e T : ’content from STRAT DAT to the glo data base
"',Slope‘oflground surface: - - user selects from menu: -

-menu -lists 9 “choices ranging from O. 012 to 302
default hydraulic gradient derived from rules R
usrng slope and .type of stratum material the
value is entered into the. global data base

iy

~

oou 'Principal direction of !'g— advice provided'in a text file
: “'horizontal ground wate? L ST
flow '

,fAdvection rate- B user ‘is. interviewed for ‘data witn which a value
. L N PRI v T , ‘can’be assigned or calculated - '
S I T questioning sequence designed. to derive ‘value from .
_ f‘ o IR : :" S "‘most~preferred to least-preferred ‘me hods~ termin--‘
e o : SR <+ .7 dtes with the assignment of ‘value derived using
- o ' = [ values of effectiv VG . porosity, . nydraulic gradient
L "and default value of hydraulic conductivity
L (determined in "Type of stratum material")

_ . R - principal structures are: a control block a Q/A
‘ PP ¢ o © “‘network and subprograms - . i T
sl Ll K - two data files available (VEL;DAT" d‘K.DAT). S

S e -.program contains existing codes for ulating
- R o . “hydraulic, conductivity from grain—size ata'ftne',,

R AR S - : ‘“¢odes include GENPART (Milne=-Home, 19859 "and ‘codes .

S e e ar o T . ‘that solve the Kozeny-Carman and’Hazen equations-‘

. q‘;




_Parameter - - . . - Type of Assistance

By H - b o
SN . o 3
v B

[ R

. ‘AMdvection rate (cont.). - . tnese codes are accessed from Questions 12 13 and °
' . 414, respectively; all codes are adapted‘tor inter-l
' active usage o e
- user can check his volunteered ‘value with a.__*
"'default value: calculated by the’ program
Horxéontal nydrauric - user is interviewed ‘for- data witn wnicn a value
gradient S e . can 'be assigned’ of calculated _ ' o
. o ' —'questioning sequence designed to derive value from
o Lo most-preferred down to least-preferred methods;
: terminates th the assignment of a default value

- determined “"Slope of: ground surface" .
_ , = principal structures are’ ‘a control block, a- Q/A
S .- network-and subprograms . : o

.~ one data file is available (I. DAT) :

'3 program ‘contains a. ‘conventional que that calcu—
j*lates ‘a value ‘using a linear. iqterpolation scheme
- (abriola’ and Pinder,.1982) thes code operates :

] interactively ‘and is acoessed from. Q.2

e R = 'user can check his" volunteered value with- tne
A L S default value described ‘above . '

SN

-Effective porosity - .. - uf’user can select a value from a data file (POR DAT)
- T _or accept the default value determined in "Type of
. __stratum material”. .= - - "

' = ‘principal. structures are a control block. a Q/A
 network-and a data file.
- user can cneck value selected from data file wltn

L 'default value --. T -
l’ . . _,. ' NG ' : i o N :
Dispersivity - U f'user is interviewed for data witn wnicn a value

longitudinal (x) . -can be assigned :
: - questioning sequence designed to derive value from-
most-preferred to least-preferred metnod' . e
terminates with the assiqnment of a default value
LT principal structures ‘are’ a contrcl block. a Q/A
-sequence ana’ A rule set
- one data file is available (DX. DAT) S
- rules used to define the’ scale of transport
- rules determine.initial uestioning order -+
. - rules assign default valie; default value is8'0
. if advection rate is‘less than 10-5 cm/s-or mean’
f travel distance of plume is less than 0.1 meters :

L

? Dispersivity - o -*rules assiqn default value

tranSVerse-horizontal (y) - default value cnosen on: basis of lonqitudinal
, : _value o
: Dispersivity - ' ',-_rules assign default value . o
' transverse—vertical (z) .~ default value chosen on basis of longitudinal

value. . . . N



7 simulation period.

Length of source

Depth to bottom of source -

.+ Parameter

Type of Assistance . ~ . !

e

Effective diffusion

coeff.

Depth to top of source

L 4

L Depth to water table

b}

. Depth ‘to base of stratum

. o
~Solubility

Y_Organic_carbon'content,
N Y .. O

< et

initial concentration

Changes in concentration

with time

Organic carbon/water
~ partition coeff.. ’

.

N 2

Y

rules assign default value'f - x «" :
default value chosen on basis of type of stratum'

"-material

'no aSSistance provided

-advice given in a text file A ‘,i,

: norassistance provided Vo .

v

advice based on "Type of source"
same_as:above S
same as above

v . :
advice given in. a text file - e

‘advice based on general assumptions

same as above . o §~

’

e : ‘ ' o
a value if available in ChEH DAT 1s automatic-'.a

5ally placed in the slot .
.if a value. is not available, user is given a- 1ist
of . references in a text file

advice given in a gext’ file

.

user can select a value from a data file (Foc. DAT)
or accept the default value determined in “Type

. of” stratum material

'principal structures are, a control block .a Q/A

network and the data file

rules set value to O if the stratum material 18‘

a fractured clay:

‘user enters. 0 if sorption is not to be accounted

for

calculatedﬁusiﬁg Kow value . from CHEM.D&?'and
vregtession equation coeff. pair selected by tne4
‘user

"Kow  (log value) from CHEH DAT assigned when "Name

of - cnemical" has been selected from menu; refer—

ences to literature: given if vulue is not avail- -

able

.rules used to assist in ‘selecting regression equa—
‘tion.coeff. pair - . .

if chemical is not .CHEH;DAT. advice for select-’
ing regression coef | pair isygiven in a text file,

\




R

. -T . Pparameter

. o 11e
o T?Pe,of_heeieganceA L ’

‘Organic carbon/water
partition coeff.
(cont )

e

_Totaiipogpsitg5ﬂ

Dry bulk den51ty

Hydrqutic (abiotic)
halfzlife. '

1

.‘97

Biotransformation nalf-
lives == aerobic and
anaerobic conditionS'

pata set“evaluation -
. (subtask) '

N .

: Cnecf of plume length
~ ($ubtask) .

' X interval . ~

Y intég&élh'

AP

z coordinate of XY plane

] z:i’J“u . -

T

note. if user is, modelinq the distribution of a.

" charged constituent (eg. heavy metals), informa-.

‘t tion on entering a Ka value rather than a Koc

value is given at the end of the text file . .
KOC1.ELB,. which is aCCessed in "the explanation

,file

user adviged in a text file to use the value

s determined for "Effective porosity" ‘'on Form 3

]

i

calculited automatically using an- equat:.on o

"a default value read fro CHBH.DAT.aftb "Name of
chemical®™ has been. seleczed from.méhu W 1 be
given, if available = . )
if a default value is not available ,references
to the: 11terature are given 1n a text file

s R4
same as above

v
o

a .rule set is used to cneck tne consistency of the o
valugs entered on’ Forms 2 to 8 - '
-any alue: determined to be 1nconsistent 1s report-
d’to the user; user has the option of. either T

" changing. tne~value or. keeping it ’

a variation of the ROKEY equation is ueed to -
calculate the distance from the source, alonq the '
centerline of. “the plume to a user-specified '
_concentration ‘

-to assist-in selecting the target concentration,

any . recommended max;mum concentration. data for N
tne chcmical will be retrieved. from LIMITS. DAT and
reportdd to the ueer' the qonoentration data ‘ :
inc1ude the recommended maximum limits fo human o
consumption, 1im1ts based ‘on cancer risk, and

taste and odor congentrations as determined by .
tne U.S. EPA. (Fedpral Register, November 28 1990)*
an approyriate value is calculated on the beeis of

. the results of."Check of plume length"

advice aieo is provided .

advice based on the X interval is provided

plane with niqnest concentrations eitner is N
determined with rules or is calculated . '
advice is provided in a text f11e



' Parameter

-

. 5.

Type of Assistance -

C117

e

‘e

Y coordinate of X2 plane . ?édvicg'e'_‘in a text file is preéented- .

k!

«

Name of input file

~‘Name of output file
‘Name of ‘plot file
i :;. ’ . -
.Listing of data set

o 1

- advice ;i~s given ifi'a eyt file

N

- same as above = - N L

G .

- same as Aabov

- 'same as above

Il
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000

- ..000°

" '001We suggest tne following for your detection monitoring program.

002

004
004 -

000~

-001
- 001

“o00 Pile. k\Bas - IO

119

-Strategy File for HonitoringiProgram‘System"}’

}

'OOZWe

1002

003

"003

‘000

_0041) Tﬁpes of Honitoring Wells

004

004 -

004
004
004

004
005
005

© 005

005 ..

» 000

;

005

0062) Locations of Honitoring—Well Nests
006 . .

006
000

007

uggest tne'following for your "detailed" detection monitoring'program:“

suggeSt,tne;following for your interprétive monitoring program:’
. : Toe . L S I ) . o ,

000 The following info. for 004 and 005 apply to all monitoring programs.“v‘ ’

Y
- \C ' . - ~

. »
c

'Recommended' water-table wells and normal (single-level) piezometers S

-

',Not R)bommended. multilev}& piezometers (unless ir. is known tnat all

of the «fologic materials to’ ‘e encountered are'
_cohesionless) : - A”/

e

',Existing water-supply wells or existing monitoring wells should be used',
- only to detect the presence of'a cnemicai of 1nterest Concentration .

Th

007

. 007
067

007

007

000
008

4008 .
- . 008

' Qo8
_ 08a .

oo8 -

»

values or the apparent absence of a-chemical should. be treated witnv-
caution.v : .

e info. for 007 is for a minimum detection program B '
The suggested configuration is: -
. Number of A nests - 1

+ Kumber of B nests - 1 .
Numbervof C nests - 3

000 The info. for 008 is for a "detailed" detection program :

The suggested configuration isT . L f ,, L C:
"Number Qf_A nests - 4 o :f’ . S o
‘Number of B nests - 3 : L e, _
‘Number of C nests -3 - - . S



: g L _ ,g,- . o 1 e
.. - N B . Y i

000 The info. for 009 is for an interpretive program "f/
000 . L~ o
009 The suggested configuration is. AR o o .

009 v | . I o
009 :: . Number of A neSts - 4 ~ S R el
009 . - Number of B nests - 3 LT AR
009+ ¥  Number of C nests -'10 ! L. o

009 T v
0103)'Completion Depths of HonitOring Wells .. ) B

S o010 ¢ - - e RS j‘§ :

. .010° . R ) S R

OOOThe objective is to nave 3 piezometers placed below the base of the. source
_000at each nest.'The info. for 013 is for a source above the water table. The"
e OOOinfo. for 014 to 018 is for: bases of sources below the water table. Thg
000info. in 019 is given in all cases, 020 is given if the questioning ‘deter-
- ooOmines that an aquifer is situated within 30 m-of the water table, and 021
;_OOOis given if the unsaturated zZone is 3 m thick or greater;
000 - - S Lo .
011 The suggested configuration at each nest is: - o '.’_,
: o11° . : S T
w012 In an. interpretive P ogram, completion depths are’ determined during
‘042" ‘test drilling. Untilj}his commences, the suggested configuration at

. 012 -each nest is: . - ' L ;.
012 - N ." L " . AN . .
- 013~ One water—table well screened 1_m above and 1 m’ below the position of
'013 .. the: Hater table at the time of drilling. SV . .
013 N B A .
014 _Three piezometers with. the screens positioned continuously with
" 014 'depth beginning at ' m below the water table. S
. ;'014,_,’. ~
e 015 . Four piezometers With‘the screens positioned continuously with f
. 015 depth beginning at 1 m below the water table. o .
015 - - R z
. 016 FiVe piezometers with the screens positioned continuously with
P16 | depth beginning at J ‘m below the water table.. .
- 016 . o
. 017 ' .Six piezometers with the screens. positioneu continuously with
o1y 'depth beginning at t'm. below the’ water table.
Y017 9L R |
o018 -Six piekometers with the ‘screen of the deepest one placed at a
018“,':'depth of 3 m below the base of the’ source. The remaining five
018 .. ~ will be placed in the. coarsest-grained geologic material . -
018- encountered ‘during test drilling. . N v C e
S o018 " ‘ '
4,019 .Additional water-table wells must be completed in "perched" water
019 tables encountered at the site of each nest.. o _
“oote R o =
. 020 ’,Two or “three* pressure-vacuum lysimeters (or ‘a similar device) must be
. 020 installed;pelow the source within'the unsaturated zone. t,' -
TN S S U , o
- ! n
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|
<

021 o Piezometers should: be completed in tne 1ower aquifer.

-024 d:ﬁsecommended. Teflon, stainless steeh or PVC
1024 ].Not‘Recommended' metals other than stainless steel (eg. iron, conven-
024

025

026 o SRR ¥

‘000 Info. in 032, 033, 034 and 037 apply to all monitoring wells. Infg, 1@ qas'”
000 applies to water with high: aCidity or mod. to high‘concentrations of "

R I

Y. 121

- o »

021 - oné piezometer at one of the A nests . :

021 ' - one piezometer at one of thé B mests . = . “‘)

'021,v-f = one piezometer at one of ‘the.C nests - . -
'021 ' ‘ )
0224) Honitoring well Haterials R )

022 . . = T

,022 ' > ’

DOO'Info. in 023 applies to landfill leainate, spills.or leaks of - crude oil
000 and derivatives, and any other water that has mod. to high concs. K, §

. 000 organic chemicals. Info. in 024 applies to water that is weakly aCidic,
. 000 low-mod. dissolved solids. content and low ‘concs. of organic cnemicals

000 such as .sewage lagoon water. Info.: in 025 applies to water tnat is eiﬁger .

- 000 acidic or has a nigh dissolved*}:lids content. : o Coe e NERR
000 LT e
023 Recommended. Teflon or stainless steel ' _ 1' _x- S
023 : ST
023  Not Recommended‘ PVC, metals otner than stainless steel (eg. iron,

- 023 _ conventional steel galvanized steel) o o o
023 ‘ S . : : :

024 ' ' I "

024 : © tional -steel, galv ized steel) - : A‘_

026. Recommended: Teflon, PVC -

025 ~ Not Recommended' -any metal including stainless steel convenﬁional steel,,v:
025 | L galvanized steel and. iron . , , . ST
025 v o ) : : AP . ot N o '.‘sf_'," Y f)'

0265) Drilling Method o L S B
. E . PAE . N », v "‘%.-g PR
026 : S . _;v‘o‘;‘-'q ' oo - .F;"'“ =

000 In{o. in 027 given if cobbles and boulders will e encountered.vinfo. in fﬂ
Q00 028 applies to Arilling and well completion in cohesive, depOSlt§ and 02% Se
000 apﬁlies to cohesionless deposits. Info. in 030 given if‘drilling in ‘bed«

000 rock is anticipated. S : , o e ML
000~ o L B ',rb g ;;,.J
0217 Recommended‘ air rotary (with downnole hammer) or cab}e Eool S
027 . S .

. 028 ﬁecommended: solid or nollow.stem auger o RAE e

028 -\ ..~ L ‘ L '

029 Recommended nollow stem auger !
029 : :

*'030 Recommended' air rotary or- cable tool (for drilling in bedrock)
- 030 . :
0316) Well Completion Reminders
031
031

"~ 000 organic chemicals' info. in 036 applies to remaining types of water

¢

000 . Co ////’f\\ R . Lot



T ’f}- "‘. e o ez

032" “*2complete only one well per porehole .
"033 . -~ maximum screen- length for piezometers is 1 m N
" 034. -.sand pack material (if required) myst be washed . ,,
. 035 - recommended seal materiali. e ding, chemically—resistant cement
7036 - - recommended.seal material: bento ite (pellets or slurry)
037 '—’recommended metnod of developing; pumping or "gentle" bailing
037 - ~
10387) Ground~qater Sampling Devices ‘ X
. 038 —mmmmmememe—sm—o—— oo —mme o
--038 B

[N

' L L
. 000 InfOn in 039 ‘given . for sites wnere organic cnemicals are present “Info.
000 in 040 given for sites ‘where inorganic chemicals only are present. ”

000 : g T
039 Recommended‘ positive diSplacement pump (eg. bladder pump) S
039 flﬁw-tnrougn cell for on-site measurement of pH, specific . .
- 039 78 o conductance, temperature, daissolved oxygen and En (or pe)‘ .
ki - )
- hd 039 Suggested'»syringe sampler for volatile organics
039 o
:{ 039 Not Recommended. bailers ' ', :
&39-. T BRI
040 Recommended' positizé§displacement pump. (eg. bladder pump) U
R 040 - . flow-through cell for on—site measurement of - ‘PH, specific
. 530~ - : conductance. temperature, dissolved oxygen and Eh (or pe)
040- ' : : :
. 040, Not Recommended. bailers _ L . . - S
ot 040 o _— o L s T
0418) Sampling Equipment Vaterials : L - ’ o
041. - R - : e
041 ¥ ‘ ‘ . AT ' -

000 Info. in Q42 app{ies wnen ground water is to be analysed for organics.»‘
000 Info. in 043 applies when inorganics alone are to be analysed.

1000 ol N _ _ . R
042_"Recommended. Teflon' S , o R
042 . Acceptable stainless steel .
. 042 - o -
. 042 Not' reoommendeg' pvc lucite, plexiglas, Vitron, silicone, neoprene,
- 042 - . . - » ﬂf latex,_natural or silicone rubber : e
Too042 RV : ST o R
s 043 Recommended' Teflon' o ‘ S :
043 - : ' PR :
g 043 Acceptable. stainless steel, PVC (unplasticiZed) polypropylene,‘fg.
,; 043 - - b polyethylene . - _ ' A EE
’ 43 \ S ‘ . o e e
0449)=Sterage COntainers AEER RS ) T -
S0 b4k | e T S A S
Y S S L o o B
. 04b’ “:- glass bottles for samples to be analysed for ammonia, sulfide and"r,
. 045, ferrous iron #
0045 oo . _ , : - v
- Eif e . e
2 W “ap |
s . 8 ' ;"3 .
w0 M T . . v . 3 -
v :



046

046
048

- 047

.. -047
- 047

constituents

<

I ',_123_

'- polyethyxene bottles for'samples to be analysed for remaining inorganlc

-~ glass bottles for samples to.be analysed for organic chemlcals- ‘must~
have. Tefldn—lined screw caps and Teflon septums /T> -

'04810). Sampling Frequency

048
048

000

QOO
000

049 -
049

049
049

“\

The info. given in 049 applies’to detectlon programs only, info. ln 050
applies to interpretive program , _

Recommended' consult the approprlate regulatory agency

"),‘A.

Suggested four times per year”from all well"hompleted in deposits of

low permeahlllty, montnly from all other wells -

049

”suggested once until

' “65111) Analytical Program’

051

051

- 051

© 051

051
Q51
052
- 052

083
1<

054

054

000
000

055
055

055

085
055

055
055
' 055

055

055

. 055.

055
000
000
056
056

.- 056

"as6
056
056

>

Suggested.

complgte monitoring network has been lﬂSt@lléd

o o PR DR S?CDV

ﬂRecommendedi consult the appropriate regulatory agency-

Initlal sampllng - "A" wells (plus "B" and "C" wells lf feasible)

Sampling at. "A" wells

List in 055 is extended group for municipal landfills

o

- turbidity
- dissolved oxygen,

ol g

Initlal sampllng - "A" and "B" wells (plus "c" wells if feasible)

S

'specific conductance PH, temperature, Eh or pe appea{ance color,

cnloride, iron, 7SS, TDS, volatile solids,

sulfate, phosphate, ‘alkalinity, acidity, nitrate—N ‘nitrite=N,

ammonia-N, calcium magnesium, sodium, potassium, nardness various -

_metals (Pb, Cu, Ni, Cr, .zn, C4, Mn, Hg, RAs, Se, .Ba, Ag), cyanide,

fluoride

- CoD, 'TOC, Tox pnenols volatile'acids,”tannins and lignins, oil and

' grease, organic-N.

' BOD, coliform bacteria (totgl fecal fecal streptococcus), standard

plate count

o

dissolved‘oxygen,

BQD

".phate, ammonium, manganese, boron, selenium, Zn, Cu, Pb-
coD, TOC, TOX, organic-N, pnenolsl—_“\\\ﬁ :

oo

‘List in 056 is extended_group for municipal'sewage lagoons ana ponds

speclfic conductance pH temperature, Eh or. pe

chloride, iron, nitrate, sodium, sulfate, phos-

. . B _-.” .‘ . . ‘z "



000 List in 057 is’ eitended'qroup for domestic septic"systemsfand'cesspools
000.. o T “a

087 ._,_-speCific conductance, pH temperature, Eh or pe .

. 057 g.f“ 'dissolved oxygen, cnloride, nitrate pnospnate, ammonium, sulfate,'
©057- . ° -bicarbonate, iron = " R ) : ‘
'0s7 . = - COD, TOC, organic-N o ST e

057 ' o BOD o ..f. - o N
057 < , o S, .

000 List in 058 is extended group for industrial wastewater 1agoons and ponds‘
~.000.

P58 , S specific conductancekipni, temperature, "Eh or pe dissolved oxygen"--
058 - "',f specific organic and/or inorganic constituents associated with the
058 : e 1agoon or pond . .

058 -

000 List in 059 is extended qroup for industriar septic systems and cesspools

- 000 - .
058 - specific conduct e, PH, temperature, Eh o} pe; dE%solved oxygen '>
059}. 'chloride, nitrat , Phosphate, - amm nium, sulfate, bicarﬁonate iron,
. 059 . Cob,,'TOC, organic—N :
058 . "BOD . - ' : :
059 - specific organic and/or inorganic chemicals produced or used at the
059 (facility . :
059 '

000’ List in 060 is extended—group for industrial landfills wﬁere all wastes are '
000 known

Y

specific conductance PH, temperature, Eh. or pe

dissolved oxygen :

specific organic and/or inorganic constituents associated with tne
~ waste material E : S

060 M ' - S ’

- 000 List in 061 is extended group for industrial landfills wnere all wastes

. 000~ Cgre not. known

000 . - ~ : : ‘ o : ) .o
061 .~ specific conductance pH, temperature, Eh or pe color, odor
061\' - aigsolved oxygen, chloride, TDS, volatile solids, sulfate acidity,
061 o phosphate, alkalimity, nitrate-N nitrite-N, ammonia-N, caICium :
;061' B magnesium, sodium, potassium,’ ‘hardness, cyanide, fluoride, Pb, cu,
o061 .’_Ni ‘cr, 2n, ca, Fe, Mn, Hg, As, Se, Ba, Ag .
061 ~  cop, TOC, TOX, pnenols, volatile acids, tannihs and li nifs, oil and ‘
061 _ and grease, organic-N, cnlorometnanes metnanol aceton benzene, ’
61 ‘nexane - _ P N , g
061 ' o : '
- 000" List in 062 is extended qroup for leaks and spills\bf crude oil ‘and its
. 000 derivatives . RN ' _ : - . .
062 _ Lecific conductance, pH, temperature En or pe
062 ~ Aissolved oxygen . _
062 benzene, otqluene, xylghe (o-, m- and p-ieomers)

062

000 List in 063 is ‘extended qroup for leaks and spills of materials other than
1000 crude oil-and its derivatives oo e T _
000" - . I R A



064”' , specific conductance, pH temperature, 'Eh ‘or pe T
:},952_ . . dissolved oxyden R ' ORI R
//,053 . specific organic and/or inorganic constituents associated-wutn R

063 - 4~ktne 1eaked og;spilled material = e , e 3;1,' o

063 . ;-q } . L e " ."o, . 5 - '. 0 ‘ '.‘ : .../ '.,'w". ' _. : ‘ '. )
\_ 000 . . o .J¢¢*%f B R S R

‘064 subsequent sampllng. all "A" "BY.and "CY wells ., . .

. 065 . Sampllm; at'vnsmmqi ”C’Qwells ,.".l{_'*-' : e ‘ S R § o
065 1, N D
- 000 - ' e B S
000 Infs. rn 066 4s key group f@@ﬁq§&;cipal landfills -1
000 A Co
066 - spec;fic conductance, pH ﬁemperatnre,.Eh or pe, dissolved oxygen,v_
066 -.% - Jfhloride; 1ron, cop, Toc,*Tbx LN L
‘,Ooo.Info ‘in 67 1s key group for mun;cipal stage lagoons and ponds :

000 o oL
~o67 - specific conductance pH temperature, Eh or pe dlssolved oxygen,s“'
- 067 . chloride, iron, nitrate; sodium, sulfate, COD : . PR o

067 .. - ' . :

jOOO'inﬁé ln 068 lS tey group for domestlc septic systems and cesspools

000  w “ .

068 .0 specific conductance pH temperature Eh or pe d;ssolved oxygen,:,5

068 . chloride, nitrate QOD . T ) T S s

068 . S e - At ‘

~~000 Inﬁo in 069 is key group for industrial wastewater 1agoons and ponds
000 o . : .

- 069 . speciflc conductance pH Lemperature Eh or pe, dissolved oxygen,--f
069 specific organic and/or inorgannc constituents associated with

‘069 - the lagoon,or pond 7 '”g

069 - SEOT RN

000 inf_ov in 070 is key group f“
000 A

industrial septxc systems and cesspools
070 o specific cbnduc&ance, pH tempera&ure En or pe uissolved oxygen,e

- 070 - . chloride, nitfité COD L R . _ o
070 - . © e e -

.- 000 Info, in 071" 1s key group for 1ndustrlal landfills Where all wastes are

-'000  known T . -
000 - » R SR L T T e
071 e ’“specific conductance pH temperature Eh or pe ‘dissolved oxygenr
S 071 © 'specific organic and/or inorganic constltuents associated. w;tn
o1 the waste material i» . . A e S
071 -t Lo ' - Ty e oo
‘ 000 Info, in 072 is key group fo dustrial landfills wnere all wastes are
. 000 not x e . R

-000 R ‘ : Coa Y o .
. 072 . - iﬁkcific conductance pH,xtemperature, Eh or pq. dlssolved oxygen, Ea
o072 ﬁqloride COoD, Toc ‘TOX ,

-.072 : - :

. 000 Info. E& 073 is key group for leaks and spills of . crude Gll and its *.» .
» 000 aerivat;&es o , . o e
'000 e 7 : S

L . ,J 4 . s . .
o a @f7 ’ e .

3 0o : <



ER S e e e 26
073 - peCific conductance PH," tenperature Eh or pe, dissolved oxyqen.
073 benzene toluene xylene (o-, m- and p—isomers)
0730 . B
ﬂ 000 Info. in 074’is key group for leaks and Spills of materials otnervtnan
.. 000 crude oil and its derivatives Lo ,' o : ,j N
000 .. ' L oo e - e
074 .. specific conductance pH temperature En or pe, dissolved ox?qen,-
074 specific organic and/ r inorganic constituents as$ociated with tne
- 074 _ _leaked or. spilled mat;rial o N SR
074 = co 4 B
- 000 ORI . . N S SR
07512) Sample Volumes and Sample Preservation L R
075 ; - - ——=s - - . T . :
o785 i N L T ';_- SRR A -
075 - consult.with the manager of the lab that will be performing the =,
075 analytical work-— S R SN
075. - R 3 g R ST
00Q . L - P R
076 =—em—mmm———————e - 'End of Monitoring Strategy File .
. _ | R -
'. -3 .
, b W
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