Rule-based and
logic-based tools
for encoding
logical knowledge

Dennis Merritt

atabases and procedural program-

ming languages are excellent for au-
tomating the data and procedures of
an organization. However, they aren't
very good for automating knowledge ex-
pressed as logical relationships or pattern-
matching rules. .
In this article, 1 describe the difficulties
and benefits of switching from a proce-
dural approach for encoding the rules for
vaccination scheduling to a logic-base ap-
proach. I worked closely with Visual Data
LLC developers and medical experts in the
design and implementation of this appli-
cation. [ was respoosibie for the underly-
ing Prolog code, the program interface to
Delphi, and much of the initial knowledge
engineering.

Denriis is the editor of the Dr. Dobb’s Al Ex-
pert newsletter and a principle of Amzil Inc.
Ie can be contacted at dennis@amzi.com.
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Office Practicum
Office Practicurn is a software package from
Visual Data LLC (hitp://www visualdatatic

com/’} that automates pediatric offices. It

does all of the things you might expect,
such as front-office services like automar-
ing hilling and the calendar of appointments,
and back-office services that make it easi-
er for doctors to review and maintain 4
child’s medical history. All of these tasks fall
nicely into classic “data processing.”

- One particular Office Practicum data-
gathering feature is an easy way of record-
ing vaccinations children receive on visits,
and associated reporting on the vaccina-
tion history. Doctors using Office Practicum
liked the feature, but wanted it to go fur-
ther. They asked Visual Data to add fea-
turcs that:

» Advise on the vaccines that could or
should be given during a visit.

» Forecast future vaccinations for schedul-
ing the next visit.

s Compare the vaccine history with reg-
ulatory information for reporting o
schools and summer camps.

Knowledge about vaccination schedul-
ing is contained in documents like the
Centers for Disease Control's (CDC) peri-
odical Morbidity and Mortality Weekly
Report (MMWR), Department of Human
Services (DHS) reports, drug company lit-
erature, and recommendations from the
Advisory Committee on Immunization
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Practices (ACIP) and American Acadenty
of Family Physicians (AAFP). This know]-
edge is usually expressed as a combina-
tion of:

» Definitions of vaccine names, types of
vaccines, and commercial product
NAMES,

« Tables of schedules of doses and ages.

» Exception rules covering interactions
with other vaccines. _

» Rules for dealing with nonstandard vac-
cination schedules.

In other words, the knowledge is a col-
lection of nonprocedural logical relation-
ships — sometimes in rules, sometimes in
tables, and sometimes as definitions.

Conventional Teols for
logical Knowledge
There is a tremendous templation 10 use
standard tools for encoding this type of
knowledge, and that is exactly what Vi-
sual Data did az first. Visual Data is a Del-
phi shop, and its developers are comfort-
able with Delphi, and there’s a lot to be
said for sticking to a single development
platform.- Consequently, Visual Data
pushed ahead with a pure Delphi solu-
tion 1o encoding the vaccination logic.
But it was difficult. The primary prob-
lem was that the flow-of-control branch-
ing ifthen statements of a procedural lan-
guage did not have the same semantics
as the pattern-matching if-then rules of
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legical relationships. Developers must
make arbitrary decisions of where in the
flow-of-control to code each branch,
therehy entanpling the declarative rules
in the thiead of execution.

In the case of the vacdne knowledge,
this was made more difficull by the inrer-
actions that can happen between vaccines,
and the fact that many vaccines are acn-
ally combination vaccines covering multi-
ple discases. For example, a child might
ger A measles vaceine and a mbella vac
cine; or 4 combined measles, mumps, and
rubella (MME) vaccine. Because messles
is a live virus vaccine, it can’t be given
within a certain time pericd after any oth-
er live wirus vaccine has been given; and
vice versa for other live vinus vaccines.

Another difficulty was thae the rules
were expressed using date intervals and
ages. Intervals and ages could be ex-
pressed in days, weeks, months, or vears,
To simplify the procedural coding, they
converted all infervals to days, but this led
tor problems as months aren't all the same
length. Doctors complained that if they
tried on March 15 w give a mvo-month
dose to a child hom on January 15, the
software would say the child wasnt two
maniths old yer,

Visual Data dicl, however, get it to worl,
although it didnt do everdhing they want-
ed—ir was difficulr to write, and the 5000+
lines of Delphi code were ahstrse ar best,
Customers loved ir, but were hothered Ly
the date problems and wanted to know
when the saltware would support the new
cembination vaccine, Pediars, which in-
cluded DTaP, hepatitis B, and polio vac-
cines (TP s fisell a combinaton of diph-
theriz, tetanus, and pertissis vaccines),

Specialized Tools for Logical Knowledge
At this point, Visual Data decided w look
at oplions for encoding the vaccination
Iogic. Clearly, some sort of declarative,
mle-based ool would let them code the
lenowledge in a manner that was easier o
maintain.

Developers koked at a number of tools
available for rale-based programming, but
they were all either designed for a specif-
ic application contest, or were general-
purpose rools not particulardy well suited
o encoding the vaccination knowledge,
Muny were also prohibitively expensive,
I the end, they opted 1o use the logic pro-
grarnming language, Prolog, because it al-
lewved for a much more fexible solution
specitically adapted to their needs, and it
could be easily integrated in the Delphi
application,

Two Faces of Prolog

There are two ways Lo use Prolog for au-
tomating logical knowledge. One is to
code the knowledge directly in Prolog
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rules and rely on Prolop's buili-in rea-
soning strategy; the other is o use Prolog
ter create knowledge siructures aned rea
soning strategies custom ilored for the
applicarion.

The advantages of the first approach
are that Prolog rules are casy to leam and
apply, and compiled Prolog execution is
extremely fast. The main disadvantage is
that the rules have precise semantics,
which may or may not be well-suited far
a particular applcation.

The advantages of the second approach
are that the knowledge representation and
reasoning strategy can be perfectly tuned
tor the application and can be developed
quickly due to Prolog’s representational
power [or building such applicadons. The

learn to use Prolog for crafiing custom
knowledge base tools, and the runtime
execution of the rules will be in an inter-
pretive rather than compiled mode,

Architecture
As Figure 1 illusreates, Visoal Data ook a
hybrid approach when building its “Vac-
Logic” engine. The definitions and rables
were cistomized Prolog strucnures with
underlying Prolog code to support their
use. The miles, on the other hand, used
Prolop's native syntax, but were made eas-
fer Lo write using a number of utility pred-
icates thar made it easy o reason over
date and age quantities.

A Prodog file called the “reasoner” served
as the engine for the applicaton. It was
wiillen by the soliware developers and is

disadvantape is that it is more difficult 1o
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not intended to be maintained by the ap-
plication domain experts. It contains:

* The application program interface pred-
icates, called from Delphi for vaccine
services.

» The implementation of various wility
predicates thar handle dare and age ex-
Pressions,

* The reasoning support for the defini-
rional and abular knomdedge strachires.

» The predicates that are used to de-
rive higher-level concepts from lower-
level ones.

» ‘The basic strategy for using the niles
get the status of the various vaccinations.

A Prolog file called "general® contained
the definitions of various vaccines, as well

as citation information used for vetting the
knowledpe. It is intended for use by in-
house podiatric cxperts.

Each individual vaccine has a module
that contiins the tables and rules that ap-
ply o that vaccine. When a module is con-
sulted, the resulting output is stored with
all the perlinent data about the vaccine,
sucl as the next dose, the minimuom date
for the nexx dose, whether it is due today
or up-to-date,

General K

The general knowledge is stored in an
"ontelogy.” Ontologies provide a way to
store definitions of related concepts so
that those concepts can be readily used
by an application. In this case, the ontol-
ogy provides a way to record hierarchies

introducing
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of vaccine types and other types of rela-
tionships, such as critical definitions of
which vaccines contain live vinses.

Listing One presents some sample en
trics indicating that Varicella and Small
Poxx are live vimses: the three elements of
the new Pediay vaccine, vanous spellings
of hacmophilus influenzae (Hib), and
some of the PRP-OMP (lavors of Hib,
These are in an is-a hierarchy of terms,
so @ rule referring to Iib correctly match-
es a data record referving fo the vaccine
PedvaxHIB, hecause it is-¢ PRP-OMP, and
PRP-OMP is-a Hih.

The idea behind this representation is
that it hecomes easy to add new entries
for ditferent spellings, new vaccines, and
new categories of vaccine that are need-
ed by the rules, In-house pediatric experts
can directly examine the definitions and
ke additions and modifications as nec
EESATY.

This is clearly an advantage over the
procedural approach, and also a big ad-
vantage over rule-based approaches that

| do not provide onrologies, In a pure rule-

Based approach, these definitions would
all have ro be implemerired as rules, Tav-
ing the writers of the rules stick toa lim-
ited vocabulary doesn’t work because so
marny different vaccines and spellings ap-
pear in the medical records. 1t is the on-
tology that makes it practical to use the

| existing medical records.

Tables

The vaccine logic base is vsed 1o report
on vaccines that can be given atl a visit,
andl v forecust vaccines needed in the fu-
ture. There is both a minimom and rec-
ommended age for the forecast vaccines,
as well as a minimum separation from the
last vaccination. These are reflected in the
table entries,

Listing Two is a table in the Hib mod-
ule for Tk vaccines that contain PRP-CIMP.
There are other rables for Hib reflecting
other flavors of the Hib vaceine and sched-
ules that weren't started on time. As with
the ontology entries, tables are intended
i b easily reviewed and modified by in-
house pediatric experts. They also pro-
vide similar advantages over o pure rule-
based approach. This same knowdbedgze
could be encoded as muliple §-then nules,
but it would not be as easy 10 verify or
i .

Further, because the tables can use any
date unils, they can be enrered almost ex-
acily as they appear in the original docu-
mrens, without need for conversions.

Rules

The rules use parterns in the data o de-
rermmine the stams of a particular vaccina-
ricn, deciding whether or not 1o use a table,
and how to qualify the results from the
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table, if nevessary. It would have been pos-
sible to generate a mile syntax customized
for this application, but because the mles
are crisp goal-driven rules that map nice-
Iy o Prolog native rules, Prolop syntax was
used, This approach also had the advan-
rages of [aster cxcculion tme and shoner
development tirme, but the cost is tha the
rules are nar as clear as they could have
heen with a custom rule syniax,

‘The rules are, however, compact and
closely reflect the acmual knowledge be-
cause of the helper predicates in the rea-
sonet that support dates and date intervals,

Each module has as its main predicate
Saltes 0, which is called by the reason-
ing engine when it is time to get the in-
formardon about o particular vaccine, The
staius0 predicate might defer to other
predicates 1o get the final results for a
VACCINE,

Listing Three is a status rule in the Hib
module that defers to lale_stan_siatis
riles if the child has had two valid Hib
vaccines but the second one was given
after seven maonths of age, (Other rules
will have previously examined the past
history and determined which vaccines
were gven at valid times.)

A rule that generates ourput usually has
three pars: the conditions under which
the rule applies, the caleulations for sca-
s and dates, and the storing of key in-
formation about the vaccine. Listing Four
presents the conditions, calealations, and
ourput expanded for o sumple MME nule,

The conditions rule in Listing Four(a)
applies if there have been measles vacci
nations and there have been more than
one live virus vaccinaton given.

The next dose is one more than the cur-
rent count and the table from MWWE pub-
lished by the Centers for Disease Control
{CDC) is used to get the minimum age
and recommended age for the next vac-
cination. The mininmam spacing is nor re-
trieved from the table hecause the niles
for live virus spacing override it The cal-
culations rule in Listing Four(h) easily
refers o the last lve wirus vaccination.
This is made possible by the ontology.
Also, the recommended age is really a
range, with a lower and upper bound.
Once the recommended dates ure deter-
mined, a utiliny predicare in the reasoning
engine is called to determine the status
lor a visit today, This might indicate it's
upr o date, due, or not due vet but okay
o gmve today.

As with the rables and ontology, the

fcdea is to make the males as readable as |

possible, but they do star to get complex.,
On the other hand, the complexity is ex-
actly equal 1o the complexity of the mle
irself,

While the goal of the system was o al-
lome in-house experls o work these miles
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as well, they did get a linle too program-
maric, However, they can still be read and
critigued by experts during the vetting
Process,

The cutpul ponion of the nile, see List-
ing Four(c) and Figure 2, directs the rea-
SONINE STEne [ store cemain information
ter be remurned to the calling program in
response 1o varous requests, The note is
used in verbose reporting and is written
by the in-house expert, The dates, dose,
ancl status are used for various reporls.

Testing Tools

The reasoning engine and logic base mod-
ules have a lest harness that is used for
testing and debugging in a Prolog envi-
ronment. This allows the use of Prolog
trace and debugweing toals, as well as oth-

er development tools such as predicate
cross references and outliners,

Test cases are stored in a file using ages
for inputs that are used by the rest har-
ness as olfsets for o randomly generated
staming date.

Listitg Fives is lest data that is used to
drive the MMR and Varicella modules,
The child is 18 months old and has had
two MMR vaccinations. The mndom dates
used for this run (Listing Six} have the
child born on 3/13/2002 and the daw of
the office visit as 11/13/2003. The outpul
from the test indicates the types of data
available from the vaccine logic base, in-
cluding the history analysis fearure of the
Syslern,

Ity the HISTORY repon, the first measles
vaciraten was given oo early and does
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not count, so for planning purposes, the
MMWR dose #2 is next and the appropriare
dates for that dose are provided. Varicel-
la wasn't given when i should have been,
and is behind schedule and due today.
The testing inrerface also provides for re-
Rression resng, s0 previcus 1est cases can
ke automatically run and compared
against known results.

Delphi Interface

For a given child, the Delphi program
first goees 1o the database and extracts the
pertinent information about past vacci-
nations, That data is then asserted o the
logic base.

The logic base is then quetied [rom dif-
ferent pars of the Delphi code for diller-
ent reasons. For example, Figure 3 shows
one part of the code displays for the doc-
tor what vaccinatons are due and/or al-
lowved on todav's visit. Another displays
futire requirements for scheduling follom-
up office visits. Another is used to gener-
ate camp, school. and other regulatory
forms needed for reporting on a child's
vaccination history.

Future Plans

The development environment provides
tools [or tesing and debugging the logic
base, but uses text files for the various
modules, The structure of the various log-
ical knowledge entities would map nice-
ly 1o a graphical developiment environ-
ment, and this is planned as a future
projecr,

Now that the logic base is a separate
unit, it can be deploved and used in dif
ferent contexts. Visual Data is considering
offering the history analysis portions of
the vaccine logic base on the Web using
4 MET archilecture.

Cost Benefit
The benefits from the bogic-base approach
include:

s A 90 percent reduction in code used for
vacoine logic rules,

* Direct access to the knowledge by in-
house pediatricians.

» Localization of all the vaccine logic,
which used to he scattered in the dif-
ferent parts of the application with dif-
ferent needs.

» Fasy maintenance and quality-assurance
lesling,

o Adklivional capabilides that were oo hard
to encode before, such as the complete
analysis of past vaccination history and
support for new multivaccine praducrs,

All of these benefits add up to the one
miajor benefir, which is thar Visual Thara's
softerars now provides better services for
customers in this area, which is critically
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important in the running of a pediatric
office.
The costs were:

* Time spent investigating and learning
about various alternative approaches for
encoding the vaccination logic.

* Softwure license fees,

= A few months of development time,

® Time spent leaming the new technology.

The calendar tirne lor the project was:

* January: Start study of alternative ap-
proaches.

# Murch: Begin application development,

* June: Deploy 1o the Geld,

Conclusion

Unlike factual or procedural knowledge,
logical knowledge is difficull 1o encode
in a computer. However, the ability for
organizations w successfully encode their
logical knowledge can lead 1o better ser-
vices for users, The question, then, is
how best to encode logical knowledge,
It can be shoe-horned inte dara- and
procedure-hased ools, but the encod-
ing is difficult, the knowledge becomes
cpague, and maintenance becomes a
nightmare. Rule-based and logic-based
tools are better suited to the encoding
of logical knowledge, but require the se-
lection of the proper rool for the knowd-
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edge ro be encoded, and the leamning of
home to use that tool. Cff-the-shell rule
or logic tools somctimes provide a good
solution, but often the knowledge rep-
resentation of the toal doesn’ fit the ac-
tual knowledge, or the reasoning engine
duoesn't use the knowledge as it is sup-
posed to be used. This leads o the same
coding and maintenance problems ex-
pericnced with conventional tools, but
10 3 lesser extent depending on how hig

fing the vaccination status for a test patlent; used by the

the semantic pap is hetween the knowl-
edge and the tool.

A viable alternative is the uilding of «
custom Jogic-based language and rea-
soning engine, This allows for the closest
fit between the coding of the knowledge
and the actual knowledge, and for the
cleanest integration between the toal and
the rest of the application contexr,
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