
Preliminary Studies on Embedding QualitativeReasoning into Qualitative Analysis andLaboratory SimulationAbstra
t. In this paper, we explored the possibilities of embeddingQualitative Reasoning te
hniques, the Qualitative Pro
ess Theory(QPT),and its implementation in the �eld of inorgani
 
hemistry. The target�eld of implementation is Qualitative Chemi
al Analysis and Labora-tory Simulation. By embedding su
h te
hnique in this edu
ation soft-ware we aim to 
ombine theory and pra
ti
e into a single pa
kage. Thesystem, is able to generate reasoning and explanation based on 
hemi
altheories, helping student in mastering basi
 
hemistry knowledge andpra
ti
al skill as well. We also review the suitability of embedding QPTte
hniques into 
hemistry in general, by 
omparing some examples fromboth �elds.Keywords: Qualitative Reasoning, Qualitative Pro
ess Theory, Chemistry, Qual-itative Analysis, Simulation.1 Introdu
tionThe obje
tive of the Qualitative Analysis and Simulation Laboratory is to pro-vide 
hemistry students with a dynami
 learning environment by providing in-tera
tive graphi
al interfa
es and animations. Su
h notion aims to over
ome thelimitations of the traditional laboratory. Simulation Laboratory enables studentto observe rea
tions between two substan
es and to 
hoose any test of their
hoi
e; whereas the Qualitative Analysis laboratory helps students to determineunknown samples from the observations provided, and generate explanation tothe 
on
lusion. To a

omplish this task, we have employed one of the qualitativereasoning te
hniques, the Qualitative Pro
ess Theory (QPT) [1℄. The QPT isemployed as a notion to view the whole 
hemi
al pro
esses as a pro
ess [1℄. Apro
ess involves 
hanges of the parameters of the elements' properties, in orderto predi
t possible 
hemi
al rea
tions. Predi
tion requires detail information ofthe elements' properties, and basi
 
hemistry knowledge, whi
h is 
lassi�ed hereas a 
ommonsense knowledge 1. The reasoning pro
ess, whi
h involves sequen-tial 
hanges of the elements' parameters obeying 
hemistry theories, will thusenable us to dedu
e how a parti
ular 
hemi
al rea
tion 
ame about. This willbe explained in Se
tion 3 in QPT terms. The advantages, limitations and futurework will be dis
ussed in Se
tion 5.1 Refer to [2℄, many kinds of expertise apparently involve simply a more appropriateway of des
ribing the world, for the purpose at hand. A representation for su
h expertknowledge would have exa
tly the same properties as 
ommonsense representation.



2 Qualitative Analysis in ChemistryChemi
al analysis is de�ned as a resolution of a 
hemi
al 
ompound into itsproximate or ultimate parts and the determination of its elements or the foreignsubstan
es it may 
ontain [3℄. Chemi
al analysis 
an be mainly resolved intoqualitative analysis and quantitative analysis [3℄ as shown in Figure 1(a).Quantitative analysis 
an determine the 
onstituents of a given sample by iden-tifying how mu
h ea
h 
omponent or a spe
i�ed 
omponent presented. Beforeone 
an perform a spe
i�
 test on a spe
i�
 element to determine its amount ofthe unknown, a test should be performed to determine whether the substan
esare present in the sample. This lies within the provin
e of qualitative analy-sis. Figure 1(b) is to illustrates a sequential pro
edure towards determining aspe
i�
 element by qualitative analysis before a quantitative analysis is performto determine its amount of present.
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Fig. 1. Classi�
ation of Chemi
al Analysis.In the analyti
al method of qualitative analysis, the element or ion to bedete
ted is 
onverted into some new 
ompound, whi
h have spe
i�
 propertieson the basis that its formation 
an be elu
idated. The 
hemi
al 
hange that takespla
e is known as an analyti
al rea
tion and the substan
e 
ausing it is 
alledthe reagent. For these rea
tions to o

ur, there are 
ertain assumptions thatwe must make and follow. The substan
e under the test must �rst be dissolvedto form ions. An ion is the simplest form of an element that 
an be dissolved toform an ioni
 solution is to do it with water. The presen
e of 
ertain ions in thesolution 
an be 
on�rmed upon rea
tion with the reagent where the rea
tion isalmost always a

ompanied by external e�e
ts, whi
h 
an easily be re
ognized.These external e�e
ts are (a) 
hange in the 
olour of the solution, (b) formation(or dissolution) of a pre
ipitate and (
) evolution of gases. Consider the exampleiron(II) sulphide below. Given an unknown sample whi
h 
ontain ferrous ions,rea
tion of ferrous ions and sulphide ions (reagent) will result in the formationof a bla
k pre
ipitate (external e�e
t) of iron(II) sulphide (FeS #2)(Eq.1) [4℄.Fe2+ +H2S(reagent) ! FeS # +2H+ (1)H2S(reagent) ! 2H+ + S2� (2)2 A downarrow denotes a pre
ipitation



However, student performing this experiment may en
ounter a problem whereno pre
ipitation will o

urs although ferrous ion is 
on�rm present. These 
an beexplained through dissolution of H2S(reagent) in water produ
es H+ and S2�ion (Eq.2), until an equilibrium is rea
hed between H2S and both ions.Sin
e only S2� is used up to rea
t with Fe2+ to form pre
ipitation, H+ion (whi
h is an ion responsible for a
idi
 environment), remain unused. Thea

umulation of this H+ ion towards saturation in the system will hinder thedissolution of H2S anymore. As the student may perform its experiment underan a
idi
 environment, where the system is already being saturated by H+ ion,thus H2S will not disso
iate to produ
e suÆ
ient amount of S2� ion to rea
twith Fe2+, and pre
ipitation will not be formed.To understand and explain the problems des
ribed above do not require 
om-plex equations, unless one wishes to know the exa
t 
on
entration of S2� thathave to rea
t with H2S. From the above example, reasoning with the qualitativeproperties gives a less pre
ise but an a

urate answer. These analysis te
hniquesalso require 
ommon sense knowledge [2℄ in 
hemistry; in this 
ase, the knowledgeof 
hemi
al equilibrium. It is now worth noting that{ Qualitative analysis in 
hemistry do not need 
omplex quantitative equationsto model 
hemi
al 
hanges, and{ Mastering su
h laboratory skill requires reasoning with 
hemistry theories.In su
h 
ases, human intuition is enough to perform the task. In order toadopt human's intuition into the 
omputer system, qualitative reasoning is em-ployed to enable 
omputer to perform reasoning in qualitative manner. Severalte
hniques of qualitative reasoning are available and QPT is 
hosen for thisdomain.3 Embedding Qualitative Reasoning in ChemistryWhy do we need to use qualitative reasoning in our qualitative analysis of 
hem-i
al rea
tions? There are two main reasons. First, the des
riptive behaviour of
hemi
al 
hanges in the form of equations, or detailed quantitative informationis inadequate, or not available. Example in Eq.1 and Eq.2 has illustrated thisproblem. Se
ond, human beings do not rea
t to spe
i�
 situations based on 
om-plex equations. In the 
ase of 
hemi
al problem of Eq.1 and Eq.2, resolving su
hproblem require only 
on
epts of 
hemi
al equilibrium - qualitative reasoning isadequate. Other distin
tive 
hara
teristi
 of qualitative reasoning is its ability toprodu
e an explanation of how it works, and utilizes 
ommonsense knowledge inthe problem solving [5℄. Qualitative reasoning attempts to model the knowledgeof how and why we do something. Every testing method in qualitative analysisinvolves a rea
tion between the rea
tant and an unknown sample. The goal ofthis simulation is to generate the 
hemi
al rea
tion between these two rea
tants,and whether this rea
tion totally based on their 
hemi
al properties. This isprerequisite for a system to know `why', when it knows `how' something 
omeabout. If the system does not know 'how' the bla
k pre
ipitation 
ome about,



or 'why' the disso
iation of ex
ess ion H+ would hinder the formation of bla
kpre
ipitation, then the system would not provide any further explanation to thestudent, rather than only suggest to repeat only 
ertain due to pro
edural error,whi
h is not 
orre
t in this 
ase. Without using 
omplex equations, it is 
learthat model building has to negle
t aspe
ts and attributes of reality and that sim-pli�
ation and approximation are the inherent features of mapping the \in�nityof reality" to a �nite des
ription [5℄. While negle
ting some of the irrelevantfeatures su
h as the temperature and the exa
t 
on
entration of the unknownion, we only 
on
entrate on the substan
es or elements involved 
onstrained bysome prior assumption (as stated in Se
tion 2).Refer to the problem in Eq.1 and 2; qualitative analysis has to be performedon an unknown sample to determine the ion presen
e in the sample. Among thereagents used, only H2S gives positive result, whi
h is the bla
k pre
ipitation(FeS). Therefore, we have to model the 
hemi
al rea
tion between Fe2+ ion andH2S and how 
an the system generate explanation when the H+ ions from theenvironment 
auses interferen
e in the rea
tion to yield bla
k pre
ipitation.
Quantity-Type(concentration)








Quantity-Type(solubility-product)


Has-Quantity(Fe, concentration)


Has-Quantity(S, concentration)


Has-Quantity(H concentration)


Has-Quantity(FeS, solubility-product)
Fig. 2. Quantity type possesses Fe2+, H+ and S2� ions are 
on
entration and solu-bility produ
t.Fe2+, H+ and S2� exist in water as dissolved ion. The quantity type theyposses among others, is 
on
entration(represent by \[ ℄"), whi
h denotes amountof quantity per liter of water. Another quantity type is solubility produ
t, Ks,whi
h denotes multipli
ation of two ions 
on
entration under rea
tion. If thesolubility produ
t ex
eeds 
ertain level, then pre
ipitation may o

ur. A briefdes
ription of the 
olle
tion of obje
ts is illustrated in Figure 3. Figure 3(a)
learly stated four types of ions exist in the rea
tion in individuals, they areFe2+, S2�,H+ (from disso
iation ofH2S) andH+ (from a
id,HE to represent).Pre
onditions and Quantity 
onditions stated that all these rea
tant 
an existin ion form, and the 
on
entration is more than ZERO. Symboli
 representationof p, p1, p2 and p3 in Relations is to represent ions Fe2+, S2�, H+ and HE ,and have their lo
ation stated to indi
ate that all have surfa
e 
onta
t to ea
hothers, where rea
tion is possible to o

ur. As Ferum 
an exist in two di�erentstate, an ion state and a solid as illustrated in Figure 3(b), so as to Sulfur inFigure 3(
), where that a parti
ular pie
e 
annot be in both states at on
e. Nostate des
ription for H+ ion sin
e it is impossible for H+ ion to exist as solid orliquid individually under normal 
ondition (� denote \not").If experiment is done in an a
idi
 environment, whi
h HE is present besidesFe2+ and the rea
tant H2S, then VI in Figure 3 should set to a
tive.



Individual View Dissolved-Ion(p)



Individuals

  liq   a liquid

  Fe   Fe2+ ion from FeS

  S    S2- ion from H2S

  H    H+ ion from H2S

  HE  H+ ion initially in the 

         environment

Preconditions

  Can-Dissolved-In(Fe, liq)

  Can-Dissolved-In(S, liq)

  Can-Dissolved-In(H, liq)

Quantity Conditions

  A[concentration-of(Fe,liq)] > ZERO

  A[concentration-of(S,liq)] > ZERO

  A[concentration-of(H,liq)] > ZERO

  A[concentration-of(HE,liq)] > ZERO

Relations�
  There is p, p1,p2,p3      piece-of-stuff

  inside(liq)=location(p) 

  Fe=made-of(p)

  inside(liq)=location(p1) 

  S=made-of(p1)

  inside(liq)=location(p2) 

  H=made-of(p2)

  inside(liq)=location(p3) 

  HE=made-of(p3)

Individual View Solid(p)



Individuals

  p a piece-of-stuff

Quantity Conditions

  ~ ion(p)

Individual View Solid(p1)  



Individuals

  p1 a piece-of-stuff

Quantity Conditions

   ~ ion(p)

Individual View Ion(p)



Individuals

  p a piece-of-stuff

Quantity Conditions

  ~ solid(p)

Relations:

  Ks(p)     Q+concentration-of(p)

  Ks(p)     Q+concentration-of(p1)

  Ks(p)     Q-concentration-of(p2)

  Ks(p)     Q-concentration-of(p3)

 Individual View Ion(p1)



Individuals

  p1 a piece-of-stuff

Quantity Conditions

  ~ solid(p)

Relations

  Ks(p1)     Q+concentration-of(p)

  Ks(p1)       Q+concentration-of(p1)

  Ks(p1)       Q-concentration-of(p2)

  Ks(p1)       Q-concentration-of(p3)

(b)

(a) (c)


Fig. 3. Figure 3(a) des
ribes the 
ondition under whi
h pie
es of stu� are dissolvedin the water. Figure 3(b) and (
) des
ribe the states of substan
es under di�erent
onditions and relationships with other properties.
  dissociation-rate      Q-concentration-of(H)

  dissociation-rate      Q-concentration-of(S)

  Correspondence((dissociation-rate(H2S), ZERO),

    concentration-of(H), saturated(H)))

internal-force(band)      Q+length(band)

Correspondence((internal-force(band),ZERO),

                      (length(band),rest-length(band)))

(a)					 (b)

internal-force(band)

length(band)

dissociation-rate(H2S)

concentration-of(H)

ZERO ZERO

rest-length saturated

Fig. 4. The rough shape of the graph is determined by the �Q+, the equality betweenthe two points of 
orresponden
e.



Process Dissociation of H2S



Individuals

  H	 dissolved ion

  S	 dissolved ion

  liq 	 fluid that dissolve ion

Preconditions

  Ds[amount-of(liq)] = 0

  ; amount of fluid should be constant

Quantity Conditions

  ; Let H2S be a quantity

  Am[amount-of(H2S)] > ZERO

   ~ saturated(H)

   ~ saturated(S)

Relations

  ; Let dissociation-rate be a quantity

  dissociation-rate      Q-concentration-of(H)

  dissociation-rate      Q-concentration-of(S)

  Correspondence((dissociation-rate(H2S), ZERO),

    concentration-of(H), saturated(H)))

  Correspondence((dissociation-rate(H2S), ZERO),

    concentration-of(S), saturated(S)))

Influences

  I+(concentration-of(H), Am[dissociation-rate])

  I+(concentration-of(S), Am[dissociation-rate])

Process Precipitate formation of FeS



Individuals

  Fe	 dissolved ion

  S	 dissolved ion

  liq 	 fluid that dissolve ion

Preconditions

  Ds[amount-of(liq)] = 0

  ;amount of fluid should be constant

Quantity Conditions

  Am[amount-of(S)] > ZERO

  Am[amount-of(Fe)] > ZERO

Relations

  ; Let K be a quantity 

  K      Q+concentration-of(Fe)

  K      Q+concentration-of(S)

  Am[formation-rate]      Q+concentration-of(S)

  ;K = [Fe] * [S]

  Correspondence((amount-of(FeS), ZERO),

    	            (K(FeS), ZERO))

Influences

  ; Let formation-rate be a quantity

  I+(amount-of(FeS), Am[formation-rate])






(a)       (b)Fig. 5. Pro
ess involve disso
iation of H2S and pre
ipitation of FeS and `;' denotes
omment.Pro
esses start and stop when ordering of the quantity spa
e 
hange. Whenthe rea
tant, H2S is added to the unknown sample, H2S will start to disso
iateand exist as ion H+ and S2� individually. The pro
ess of disso
iation of H2S isillustrated in Figure 5(a). As stated in quantity 
ondition, pro
ess will start whenthere is the substan
e H2S, and both the ion H+ and S2� are not saturated.Corresponden
e is another kind of information that 
an be spe
i�ed about thefun
tion implied by �Q+. It amount to mapping value information (inequalities)from one quantity spa
e to another via �Q+. An typi
al example taken from[1℄ illustrating the movement of an elasti
 spring involves two parameters, theinternal for
es and the length of the spring, plotting against ea
h others in Figure4(a); if the length of the band des
ribed above is greater than its rest length,the internal for
e is greater than zero.In Figure 4 (b), the 
orresponden
e statement means that if the 
on
entrationof H+ or S2� is greater than the saturated, no disso
iation should o

ur, andpro
ess disso
iation should then 
ease.Sin
e many of the quantities involved have been ignored, su
h as temperature
hanges, then there is only one pro
ess that is in our interest - the pre
ipitateformation pro
ess. The ordering of quantity spa
e of solubility produ
t (Ks) playsa vital role. The solubility produ
t of FeS is 4:0X10�19moll�1 [4℄ under roomtemperature. If the 
on
entration of FeS ex
eeds the solubility produ
t, then the



substan
e will be pre
ipitated. Therefore, 4:0X10�19moll�1 is de�ned as one ofthe limit points in the quantity spa
e of solubility produ
t of FeS, and is de�nedas ZERO in Figure 5(b) in the 
orresponden
e se
tion.Ks = [Fe2+℄[S2�℄The reasoning pro
ess therefore involves two pro
esses, the Pro
ess Disso
ia-tion and Pro
ess Pre
ipitate Formation. Sin
e 
on
entration of Fe2+ is ex
ess inamount, only S2� indire
tly in
uen
es Ks a

ording to the Ks equation above.However, the 
on
entration of S2� is determined by the pro
ess disso
iation.Pro
ess Disso
iation is set to be a
tive only when the amount of H2S is morethan ZERO and the 
on
entration of ion H+ or ion S2� is not saturated asin Figure 5(a). In an a
idi
 environment, where there exist ion H+ initially inlarge amount, saturation of ion H+ will be rea
hed before the disso
iation is
ompleted. As a 
onsequen
e, the quantity 
onditions of pro
ess disso
iation willnot be hold, the pro
ess will stop before the pro
ess disso
iation 
ompletes, andtherefore redu
es the 
on
entration of ion S2� also.In the real rea
tion, both pro
esses often happen simultaneously. However,for explanation, we might assume that pro
ess of pre
ipate formation o

ursafter the pro
ess disso
iation has stopped. The Pro
ess Pre
ipitate Formationis a
tive be
ause there exist the ion S2� in insigni�
ant amount. The yieldof this pro
ess is the bla
k pre
ipitation of FeS, whi
h means the pro
ess isdire
tly in
uen
ing the quantity amount-of(FeS). Initially, we might assume thatpre
ipitation o

urs in the �rst loop of this pro
ess in a negligible amount. Theformation of FeS will also redu
e the 
on
entration of ion S2� again. However,it is 
learly stated in Figure 5, that pre
ipitation will not exist if the quantityK is less than ZERO (Ks) in the statement 
orresponden
e, and the quantity Kis qualitatively proportional to the 
on
entration of S2�. As a 
onsequen
e, thepro
ess will stop be
ause there is no S2� ion for the quantity formation-rate too

ur.4 Simulation Laboratory and Qualitative AnalysisLaboratoryThe simulation Lab is designed to help students familiarize themselves with thepro
edures of running spe
i�
 tests and re
ording of the results. In this sub-system, a user 
an 
hoose one 
ation, one anion and one test from the providedlist as in Table 1.Upon user sele
tion, the simulator then 
alls an exe
utable program to showthe results of the 
hemi
al rea
tion by identifying the original 
olor of the ioni
solution, the test name and the result of the rea
tion.Qualitative Analysis Lab provides users a Chemistry lab environment of aupper se
ondary s
hool level. The system will give the explanation and resultsin the text and graphi
al form after users had 
hosen the test and started theexperiment. The system limits the number of spe
ies to 10 
ations, 4 anions and



Table 1. List of Cations, Anions and Reagent (Tests) available for Simulation Lab andQualitative Analysis.Simulation Lab and Qualitative Analysis For Simulation Lab onlyCations Anions Reagents (Tests) Reagents (Tests)Sodium Carbonate Sodium hydroxide Sodium 
hlorideAmmonium Sulfate Ammonia aqueous Sodium sulfateCal
ium Chloride Dilute nitri
 a
id Sodium 
arbonateMagnesium Nitrate A
idi
 barium 
hloride Potassium iodideLead(II) A
idi
 silver nitrate Potassium ferro
yanideIron(II) Brown ring test Potassium ferri
yanideCopper(II) Potassium permanganateZin
(II)AluminumIron(III)6 reagents. See Table 1 for details of 
ations, anions and reagents available fortesting.Users must provide results for the six tests and the system will analyze the un-known 
hemi
al and provides explanation of the simulator's results in an intuitiveand 
ausal form. The Qualitative Analysis Laboratory module gives qualitativeideas of the substan
es that might be present in an unknown sample. Studentsare then able to 
ompare the a
tual laboratory results with the simulated resultsand 
on�rm the presen
e of spe
i�
 ioni
 spe
ies in the sample.5 Dis
ussionQualitative Analysis and Simulation Laboratory is an example of the appli
ationof arti�
ial intelligen
e te
hniques in 
hemistry. Simulating a real laboratory en-vironment in a 
omputer is by no means a substitute for traditional tea
hingmethod, rather, it is meant to enhan
e learning eÆ
ien
y. This work, whi
h uti-lizes the 
on
ept of qualitative pro
ess theory and pro
ess based ontology ofKenneth D. Forbus proves appli
able to the �eld of 
hemistry. The system 
om-bines theory and pra
ti
e into a single pa
kage. The system is not 
omparableto Cy
lePad [8℄, an arti
ulate software that helps engineering undergraduates tolearn prin
iples of thermodynami
s. However, virtual lab inherits the notion ofCy
lePad to 
apture a signi�
ant aspe
t of inorgani
 
hemistry, whi
h helps stu-dent in mastering the skill of qualitative analysis laboratory work and 
hemistryprin
iples at the same time. The goal of this system is to introdu
e qualita-tive reasoning te
hniques namely the qualitative pro
ess theory into the �eld of
hemistry. Although the te
hnique was not meant to 
apture student's learningbehavior as with the STEAMER proje
t [9℄, explanation 
an be generated toresolve 
ommon questions asked by students based on 
hemistry prin
iples.The biggest hindering fa
tor to the expansion of the existing system is theorganization and 
onstru
tion of the knowledge representation of 
hemistry in



QPT terms. Sin
e the appli
ation of QPT in 
hemistry is still in its infan
y,s
ar
e amount of literature 
an be reviewed. Notwithstanding the 
urrent limi-tations, the appli
ation of this ontology in 
hemistry is waiting to be exploredto the extent that qualitative analysis in 
hemistry 
an, in the future, 
over awider range of ions and elements or even en
ompass other �elds of 
hemistry.Referen
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