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Abstract. Complex control systems require the use of new A.I. techniques to cope all
the variable relations . One of the open topics is the use of temporal information and the
ability of reason about it. Blackboard systems are one of the most promising proposal for
real time expertsystem. In this paper a temporal blackboard to be usedin a real time
expert systemis described. In order to represent the information a temporal model and
its methodswill be presented. Finally, some temporal features has been explained using a
small scenario of a cementkiln process.
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INTRODUCTION

The temporalrepresentationand reasoning problem
arises in a wide range of Knowledge-Based System
(KBS) application areas, where time plays a crucial
role such asin process control and monitoring, fault
detection,diagnosis and causalexplanation,resource
managementand planning, etc. In these cases, tem-
poraldatarepresentationis needed in order to obtain
conclusionsabout the problem. Moreover,temporal
dependenceof knowledge relations(temporalcons-
traints and parameterizationof their application) is
possible. However,neither the severalExpert Sys-
tem (ES)prototypesdeveloped to handle these appli-
cations [ISERMANN87, LAFFEY88, PERKINS90,
TSANG88, etc.] northe several expert system de-
velopment tools which have acertain temporal ca-
pacity offer a general solution to the problem and
the temporalrepresentationand reasoning capacity
of the ES has anad hoc treatmentin each case,
which is too restrictivefor the wide range of tempo-
ral domains.Temporalconstraintand parameteriza-
tion about rule applicationis not usually considered
and the dynamic of the problem has not anatural
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representation .

In order to handle this problem in Artificial Inte-
lligence (AI) areas (action-planning, qualitative re-
asoning about processes, explanation of the world
at some earlier time, and prediction or tempo-
ral projection of the future) in a morespecific
way, several temporal logic-based models, from ini-
tial situation calculus[McCARTHY69], were de-
fined [ALLEN84, McDERMOTT82,KOWALSKI86,
SHOHAM88]. Thus, these temporal models in AI
have an explicit time representation, based on time-
points or intervals.

With a particular representation, theTemporal
Imagery concept is related to representation and
inference methods with large amounts of temporal
information, and events and facts are arranged ina.
time map,based on temporal intervals[ALLEN83]
or time points[DEAN87]. Other models are included
in the Qualitative Reasoning concept [DeKLEER84,
KUIPERS84,FORBUS84],with a qualitative consi-
deration of the problem dynamic, aboutwhich the
laws of change are defined.

However,someimportantpoints are not completely
solved when temporal reasoning is used under time
constraints. The need of manage past and future
facts and the number of possible variable relations



can produce large operations forupdateand retrieve
temporal information. Thus, an efficient manage-
ment must be addressed.

In this paper a temporal blackboard (TBB) struc-
ture is described. The blackboard is a component
in a real time expert system under development in
the framework of theREAKT Esprit project [RE-
AKT90). In the following section, a revision of tem-
poral informationrepresentationwill be done. Next
sections describe thetemporal model assumed and
the main methods fortemporal management,and
temporalfunctions provided by theblackboardto be
used in rules. Finally, an example of a cement kiln
subprocess will detail the use of the main functiona-
lities.

TEMPORAL INFORMATION

Temporalinformation in control systems is relevant
to know the evolution of the process and deduced
variables and reason about it. The need of tempo-
ral information is related to past andfuture values.
From a general point of view, atemporalvalue can
be:

1. exactly known: when the time, where values
were taken, is known (the alarm was 'on' from
10:20:03till 10:28:45)

2. partially known: when a value is result a
of sampling and this value ismaintained till
the next (thetemperatureat 10:23:22 was 120
degrees)

3. known with anuncertainty:when a variable
will take a value in someinstant of an interval
(the kiln statuswill be HIGH before 20 minutes)

4. dependent:when the exactinstant of a tem-
poralvalue depend on othertemporalfacts (the
alarm will be ON 20 minutes after the tempera-
ture be HIGH)

In termsof process control, 1 and 2 can be assumed
as equivalent due to incoming values areproducedat
known instants (sampling period), and, if no more
informationis added, the same value can be maintai-
ned. This behaviorif can be modeled by means of a
datapersistenceas the time which the variable main-
tain its value. If this time is exceed a lack of informa-
tion is produced and no value is assumed. When this
persistence is00, the last value is alwaysmaintained.

Past values are always related to theinstant they
were produced, so, an absolute date can be used to
storethem. In this case there is notrelation between
temporalinformation, all of them arerelatedto the
clock and the relations must be deduced using clock
values.

Futureor prediction valuesintroducemore difficulties
due to the lack of knowledgeaboutthe exactinstant
they will be produced. In thethird case, we predict
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that a statuswill be HIGH in someinstant before 20
minutes, but we do not know theconcreteinstant
it will start, finish or its duration. So, a. model to
representand managepredictionhas torepresentthis
uncertaintya.nd be able to reasonaboutit.

Besides,fourth caseintroducesmore complexity be-
cause of the dependency withanotherfact, when a.
fact occursthe dependentfa.ct is equivalent tothe
third case, if it does not occursneither the second
one.

Moreover,the system behavior defines a set of tem-
poral dependencies: amaterialin a cement kiln, from
the input to the output takesabout10 minutes, so if
we measurethe temperatureat theinput, some pre-
diction can be doneabout the future temperaturein
the middle and theoutput of the kiln, taking into
account the process model, delays, etc. Onthe other
hand, the systemcan take actions based in predic-
tions in order to avoid problems intemperature.

In rule based systems, it meansthat rules should be
fired with presentand future facts and actions, in
the right hand side of a rule, should be executed in
the instant the values are deduced or when they are
present.

TEMPORAL MODEL

The developed system is based ontime-points(tp)
as primitive for timerepresentation.A tp represents
a time instant in a discretetemporalline. An addi-
tional concept is thetemporalduration(td) asthe
temporaldistancebetween twotp's.

The temporalrelations relating twotp's are:

• (BEFORE tp" td«, [tPj)): expressesthat tPt is
temporally before tPj plus a certain temporal
duration td/;.

• (AT tPt' td/;, [tpJ): expressesthat tp, is tem-
porally at tPj plus acertain temporalduration
td/;.

• (AFTER tp,. td/;, [tPj)): expressesthat tp, is tem-
porally after tPj plus a certain temporaldura-
tion tdk.

The td" value, whichstandsfor a temporal dura-
tion, may be positive or negative. ThetPj is op-
tional and, by default. itrepresentsthe initial time
reference (clock).With all these relations,the follo-
wing temporal constraintscan be set between time
points:

• Temporalrelation between a time point andthe
clock; the time point tPt occurs at8h:15':34",
would berepresentedas:
(AT tPt (duration 8:15:34))
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Thesetemporalrelations arerepresentedin a graph
(Time Map) where nodes arethe time points and
the labeleddirectededges showthe temporalcons-
traints between them:

• Temporaldistance between two time points;tPi
occurs at 10'AFTER tPj is representedas:
(AT tPi (duration0:10) tPj)

• Relative constraintsbetween two time points,
when tdk=Oj tPi occurs beforetPj is represented
as:
(BEFORE tPi (duration 0) tPj)'

Nodes: time points(tPi)

Edges: Temporalconstraintsbetween time points:
(Before,At, After tdk)
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With this model as background,applicationobjects
are instancesof classeswith static and temporalat-
tributesor slots, forinstance:

Class Temperaturehas
static attributes:

name, location, units,
temporalattributes:

value
End class

Each object in the blackboardhas a pointer to the
parentclassdescriptionand a set ofstatic and tem-
poralslots. 'Thestructureof atemporalslot is formed
by the following pointers:

TEMPORAL VALUE
•T"-NOOE

'Tl'M£r.lM>... .. . .

• object: which this slot belongs

• current: pointer to the temporalvaluethat cu-
rrent now

• past: list of pointers to past temporalvalues

• future: list ofpointersto future temporalvalues

The TEMPORAL_VALUE classis defined by means of
a value and thebegin and end points as the ins-
tant limits where the value was, is, or will be ta-
ken. Both time points arepointers to tp (instances
of TM_NoDE) in the Time Map. Each tp has a
pointer to the slot which it belongs, andthreelists
of tp's with relation ofBEFORE,AFTER, and AT asso-
ciatedwith a temporaldistance.

Figure 1: Temporaldatastructures

in a proper way, a suitable solution is to provide a
reason maintenance system (RMS) cooperating with
the TMM. Both components allow to manage logical
dependencies and coherence of temporal values.

The main operations of a TMM are theupdatingand
retrieving temporal information.Following sections
describe these processes in depth.

Updatingprocess

The following figure 1 shows the relations between
thesedatastructures.

The function for updating a temporal constraint bet-
ween two time points with relation reI(BEFORE,AF-
TER, or AT) and a distance is:

TEMPORAL MANAGEMENT add'Iemporalkeletionfjp..reI, tdk, tPj)

The set of managementroutines of a Time Map is
called Time Map Manager(TMM). TMM func-
tions manage the basicoperationsof creation, de-
letion, andtemporalrelations managementbetween
temporal values, Inorder to managefuture values

The updatingprocess of a new constraint performs a
consistency and non-redundancy checks.If the new
constraintis consistent andnon-redundantwith the
existing ones, the new constraint is asserted in the
Time Map. Thus, the result of this operation may

461



be: Evaluation

• Contradictory, whether thetemporalconstraint
to beupdatedis inconsistent with theinforma.-
tion already represented in theTBB. In this case
the TBB keeps with no modifications.

• Redundant,whether thetemporalconstraintto
be updatedcan be retrieved from the ones exis-
ting in TBB, and so itwill not beintroduced.

• Updated,whether thetemporalconstraintis up-
dated.

Above operationsare the most complex in the tem-
poral information management. They can decide
whenever a modelis appropriatedfor real time sys-
tems or not. The describedtemporalmodel proces-
ses has beenimplementedby means of efficiental-
gorithms [BARBER92] in Common-Lisprunning on
a.Sun SparcStation2 and testedby running a great
numberof representative empirical proofs onTime
Maps randomly generated. Figure2 shows the ma-
ximum time for each TMM process for aTime Map
with 30% of nodesrelated with the clock and, four
temporalconstraintsfor each node as average ratio.
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Retrievalprocess

(retrieveTemporalRelation( tP j , AFTER, tdk, tPj)

(retrieveTemporalDuration( tPj, tPj)

Two basic retrieval operations areperformedby the
Time Map Manager: retrieve a concretetemporal
constraint between two time points and evaluate
the more constrainedtemporaldistance between two
time points.

The retrieval of an specifictemporalconstraintbet-
ween two nodes isstatedas apathsearching process
between the two nodesthroughout the rest of no-
des in the Time Map. Due to the existence of many
possiblepathsbetween the two nodes, the goal is to
find a restrictive path according to theinquiredcons-
traint by combining thetemporalconstraintsof the
edges in the path.That is, to obtain apath which
permits to provide an answer 'true' or 'false',if it
is feasible to be deduced from theTime Map. The
result of this function may be:True, False,or Pos-
sible. A response Possible can beobtainedin two
cases: i) There is nopath relating both nodes, orii)
Thoughexisting apath, the information provided is
not enough to deduce neither theconstraintnor the
opposite one.

Figure 2:Updatingandretrievingprocesses eva-
luation

In this Time Map, 1800 nodes has beenintroduced
with 600 numericalconstraintsbetween a node with
the clock and 7200 between two nodes.Computatio-
nal times have beenmeasuredeach 10 nodes. Taking
into account the test results, a.nearly linear beha-
vior for the updatingandretrieving processes can be
assumed. The computationalcost for the deletion
process isconstant(10 msec). Moreover,the spatial
cost in all cases was not relevant.

BLACKBOARD STRUCTURE
In this way, thestatedretrieve operationconsists of
obtaining theshortestcombinedpath between two
time pointsin a directed graph whose edges are labe-
led with a temporal relation and a weight (positive or
negative). This algorithm is based in a bidirectional
search from each time point involved in the expres-
sion looking for the direct and inverserelation in the
graph.

The second recovery processesobtains a response
about a concrete temporalconstraint between two
time points . In order to evaluate the more constrai-
ned temporaldistance between two time points the
same process can be used. Thus, theexact tempo-
ral distancebetween the twotp's, or, the maximum
and minimum temporal distance betweentp'scan be
obtained.

Blackboardstructureprovidesstorageand manage-
ment ofapplicationobjectsused byconcurrentreaso-
ning processes. Figure 3 shows therelationsbetween
all componentsin a real timeexpertsystem.

Blackboardinterface provides a set of functionsthat
can be used by a user language to express actions,
such as class definition,object instantiation, and
temporal updatesand queries. Some of these fun-
ctions can be used as rulepredicatesin the left hand
side, andothers,called in the right hand side,that
updatesthe internal information.

With respectto theLeft HandSidetemporalfunc-
tions provided by the blackboard, they can bestated
as:
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Expert Process

Data
Adqulsltlon

Figure 3: Blackboard relations

• when.occurs(object slot begin end)
This predicateis satisfiedfor thosetemporalva-
lues (current or predicted) which, belonging to
the temporalslot, match the value. The begin
and end of thetemporalvalue may beinstantia-
ted in variables.They can beeitheran absolute
value or atp.

• past.value(object slot value begin end)
This predicateis satisfiedwhen acurrentvalue
in thedefined slot isoutdatedand is moved from
current to past.

• temporal.test(any temporalexpression)
Time-test function is used for askingabout i)
temporalrelationsbetweendatesor begin or end
of temporalvalues orii) betweena dateor time
points obtainedfrom the begin or end of a tem-
poral value andthe currenttime (NOW).

The temporal.testmanagementis achieved by
using the TMM internal functions to to inform
in the momentthat a time point value changes
its temporalwindow.

Blackboardfunctions in the Right Hand Side of
the rule modify the internal state by adding values
and predictionsabout slot values of nodes.

• put.value (object slot value begin end depen-
dencies)

This function adds a value to a slot.If the slot
is a temporalslot, then the function is used to
createa current or a predicted temporal value
according to thepremisesof the rule:

- if thereis at leastone premiseinstantiated
to apredictedtemporalvalue, thenthe as-
sertedvalue will be predicted
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- if all the premises areinstantiatedto cu-
rrent temporalvalues then the asserted va-
lue will be current.

In the former case, whenall the predicted pre-
misessupporting the asserted value change to
current, then the createdvalue also change to
current. In this case, the existingtemporalcons-
traints for its end-time areretractedand only
the temporal constraint (after begin) is main-
tained. And if some predicted premise is not
fulfilled, then the assertedpredicted value will
be deleted.
When a current value is asserted in a slot, if
thereis a previouscurrentvalue in it, then this
current value is moved to its historical buffer
of past values. The end time of this previous
current value is modified with thedatecorres-
ponding to the begin of the newcreatedcurrent
value.

• predict-value (object slot value begin end de-
pendencies)
Adds apredictedvalue to atemporalslot. The
user specifies the begin and enddatefor the va-
lue, by writing temporalrestrictions expressing
BEFORE, AFTERor AT a time point.

Thestatusof the createdvalue is always predic-
ted. It may change according to thefollowing
specification

to current: apredictedvaluecreatedwith
this function is changed tocurrent when
the prediction is fulfilled, this only can
occurs when a new value(that matches
with the prediction) arrives by means of
a put.value,

- deleted: apredictedvalue is deleted in two
cases: i) when arrives theupper time of
its begintemporalwindow and the predic-
tion has not been fulfilled andii] when was
createdwith predictions in theLHS of the
rule and one of this predictions is not ful-
filled.

The following meaning for the predicted values is as-
sumed: aprediction is matchedby a new (predic-
ted) temporalvalue when it has the same value and
the begin and the end of the newtemporalvalue are
respectively within thetemporalwindows of the be-
gin and end of the prediction. Thenthe temporal
window of thematchedprediction can be constrained
according the new prediction. In this case, pending
queries can beupdated.A prediction isfulfilled by
a new(current) temporalvalue when it has the same
value and the begin and the end of the new temporal
value are respectively within thetemporalwindows
of the begin and end of the prediction.

If there is some prediction about the slot whichis
fulfilled by the put.value (current value), then it is
not createda newcurrent temporalvalue. Then the
statusof the fulfilled prediction value is changed to
current. In this case, thetemporalconstraintsfor its



end time are deleted, since acurrent value has not
end temporalconstraints. Only the temporalcons-
traint (after begin) is maintained.

Blackboard informs to othercomponentsin the sys-
tem when new current,pastor prediction values are
created or predictionsfulfilled or deleted.

EXAMPLE

In order toillustrate the main features of the propo-
sed functionalities a small exampleis described. The
example is based in thetemperaturesubprocess ofa.
cement kiln.

There are threetemperaturesensorsat beginning,
middle and end of the kiln. From these inputs, some
internalvariables(kiln statusas hotnormalor cold)
can be deduced. There arethreevariablesthat per-
mit control the kilnstatusat beginning, middle and
end: the input of fuel,flow of fumes, andexternal
air flow, respectively. There is a delay in the raw
material flow along the kiln.

The system can be modeled by means of three clas-
ses: SENSOR,VALVE, and STATUS, with somestatic
attributesas name, location, range,etc., and a tem-
poral attributevalue. Another classKILN models the
relations between all objects. There are defined th-
ree temperaturesensors TS1, TS2 and TS3, three
kiln statusKS1, KS2, and KS3, andthreevalves VI,
V2, and V3. A persistence is assumed for the sensor
inputs.

The following rules express the system behavior:

Rl: Determines the valueofthe statusfrom its sen-
sor.
when a newsensordata is added,
if the temperaturevalue is high,
then thestatusis hot.

Some alternativeRl rules deduced the normal and
coldstatus.

R2: Predictsa change in thenext temperaturepoint
taking into account theflow delay. A minimumdmin
and maximumdmaxdelay is assumed.
When a new statusis added,
if the kiln statusis hot
then predicthigh for the next temperaturevalue with
a beginpoint after(dmin)and before(dmax).

R3: Takes decisionaboutopen or closed the associa-
ted valves to adeterminedpoint.
When a new statusis added,
if the kiln statusis hot (cold)
then closed (open) now theassociatedvalve.

Let consider thefollowing situation: at time TI a new
sensordataTSl arrives, and the reasoning process
is performedat T2 producingthe resultsshowed in
figure 4.
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Figure4: Initial deductions

KSI is deduced as hot in [Tl,00], TS2 ispredictedas
high with a delay and as consequence KS2 hot. As a
predictionon KS2 isproducedrule R3 isinstantiated
with this new fact andanotherprediction on TS3 and
consequently on KS3 isproduced.Each time a value
for some KSis added an action of open or closethe
associatedvalve isproducedbut in the current time
T2.

In this scenario if a time T3+D a new value of TS2 is
readmatchingthe prediction, the followingsituation
is obtained(figure 5).
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Figure5: Predictionmatched

Note that the temporalwindow of TS3 and KS3 are
updatedbeing morerestricteddue to the new added
knowledge.

Now, let consider when aprediction is not matched.
If any TS2 match the prediction, at time T4 (end
of begin window)predictions about TS2, KS2, and
obviously TS3 and KS3 are removed (figure 6).
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Figure 6: Prediction not matched

CONCLUSIONS

In this paper, a temporalblackboardhas been pre-
sented.Thetemporalinformationis associatedto the
temporalattributesof objectsstoredusing a model
basedon time points. The proposedmodel permits
to representa great numberof situationsincluding
uncertainty. In order to have efficientmethods to
be applied under time constraints,pastfacts are sto-
red with respectan absoluteclock and future using
a graph when there is no possible due tothe facts
dependencies. Fast algorithms permits to update
and retrieve temporalinformation in theTime Map.
Some resultsof theseoperationhas been showed.

Finally, some temporal featureshas been explained
using a small scenario of acementkiln process.
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