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INTRODUCTION l 

l.latrod.-a· 
·.•; c:· .. , 

Th~,,H1C$fs1,~1a.~b..-~·_.; ... llJ._ltdP:ba4·natellng 
t~niqu~,from~t¥,~iM!9M~..._. • ..,. ... ....,,......,.. In 

order tQ. ~ ~~~·~-,-'9f Mw·.,.... ••••••I·•• ..-'.1f11Ml) of 
, m~.~~,l~~,,$,e:•l'-~~·d'J'G.Mlllll1fllldetlJ thil:flel&Ller~ the 
.. f:larvard N•'i! ~.'1Y~J!Je~, ~,.t~t11i91nJecU1•fad. It 

ex l8i ... . . -io ... 14.-..1 1o.v iaJn- • ~-'- t llllb·--'·.i...i~::t•illsed .· ,·:'l,:kfl$,:~e:f9;.:""1~--~~~.-,~-•• ~·..ft--.. 
physiologic modeling. in particular. in the New Pathway and how -m)JlcRtdtt overall 
goals. 

l ' 

2 
Prtm«JtcaJ education refers to SIUdiea ladina to a blcc:atluratl level dcpee before en~~~. 
u~~,.., .... ,,......_w,..,_du111•fr1~1·~*t'r&~'ar1:.. The 
in~ ....... -f1111. *if lmiRilt ..... IDirtlitmWJl-Fjtlll' W'bttMii61 

... ; 

. -- __ , ·· t:~ .i • ;n~·-(-:_! ' '·_t, 1i:}?X1·. ·~.r~~<.:t,~j'_ !;t~f"i n~.~·,cf~.\t~n, ""o·,\;' \t;,J·J,-,l"; ·i~~:~'dr''i:,"": 

3n.e prindplea or stn1C:bP aact ....._.et ~'bitdr'fit .,_~1~ 'lll;~W,;dif<b, the 
sciences of Anatomy. HistoloaY. Blochemistry, PbysiololJ. PldwJlotr, ~. ~ . 11te. ~ 
.~,~lillk&in••~Jatdl '' AitifiRu• •••i11M1'1iitiiiillliHait~~ 
infhi5f:dd.kns~ .. ill'cl••.,.fie111ili.it1111el fl lfll•J .. ft1U19pnn.£,' ·w·i, '•·' · 



2 CHAPTERl 

The volume of medical knowledge is now a thousand timesias~Taige al.tt: was in
1
1900 

and. like other scientific knowledge. it continues to grow at an exponential rate (4). Yet 
Ulditiooal undP'lraduate flledieali educ:atien· ~"ittmr~·titlnipMtlng 'the mass of 

basic and dioiall·scienclsto kl4UdetiU,~e'x~1W*-fto1\r\Corpt>rate this 
knGw!edpJn aveiy.Jinritedtliftw.,,. ~lie ·wtWiyeab tlmedta1.,~: Even 

if medical.staden1s we" .,.somelaaw ·illitdfb ·a11 ·t1tit"1~;'tt- ~l'f&~~rve merli wel~ 
a 1a1g,, aras 1.-ecedain 10 ~ at>I•~ ·!ftlt.t il'~nn>fhff~raduate ed~ 
designed toiilttpart~ tnowllttp;Ofalf~~wlffdi-~ut'f.t·a til'etime. 

' . ~ . 
is.nok>ngor{m~ ·•. ~... · · 

4Notetbat.~t.oo1is.(at. •• ia,...•~of*~"'Rlcit.;. .. _.,~thrateof~ 
scien,~.~.~h~IU,ISSl.:J\~te:-~mito .... edlf.e{·•timt•·tlllliltittMliil:''fhis trend toWafd 
increasingly narrow specialization has already caused severe ti'aplentation of lhe PIOCeli of medical care &(Id. if 
unch~k~.islikc;!yto~'1t~thil~11•110&Jtldalt'lltila. •. ·' 

5Pub,l~e4.74.yQJ:S after lhe ~'"~d~~daeGl;liBflt;;us~fdlaa ~ofequatty great 
change. However it is much UfOIQQ• '-Di_....._ sueh ._...,ladidtetuteomar: · · 

-------~--



INTlODUCTION 3 

visual or oomputer based tutorials which-they ·are expecte(f to inoorporate, integrate, and 

regurgitate in rapid suo:esOOn. 

1.2. The Harvard New Pathwa7 

Motivated by the issues discussed above, Harvard Medical School has initiated an 
experimental undergraduate medical education ~;·'fie, ·•fltw tJdthMlay (8). The 

developers of the New Pathway have proposed 1~ ~-- of .&tUJ.,_ skills, and 
knowledge which would prepare students for lifelong professional learning. The principal - ". ; 

categories of these are shown in Table 1-1. The goal of the New Pathway attriCu1um is to 

provide an environment wl\e"1,<dto- st.ud.ens,1a11n_..ff~'>ltlltildes. 'tkills, and 
knowledge. 

The detailed st~ture Hf~ 1'fe~~-.curriclllumwtheqiteria by which it·will 
be evaluated are beyond the scope of this thesis. However,. it is pertinent to note that the 

.-. :. , ~ ' , '.' ' . ~ -.;: ' . ·': , ~.: ·: : < ~ ·:,,. , ·,~ •; . ·, "'; ~ i ·. ~; _r ': l ~ ~ .... : , 

New Pathway i9 a ftUtjor uwltettitfn& drawing rekoilrces · fforit' diverse sectors of the Harvard 

educational community~··'Ilte~!l.P1WAteli·~111volePlncmt•sinCe'July 1982 by a 
faculty of approximately 30 persons, with extensive input from medical stude,_qts. 

• ... ~ . ~ i> • :. ! ~ . 

In September 1985, the first New Pathway group, consisting of 24 of~d's 165 

member first year medical class. was ~l~ted6.,, ~~,~fC'ffi? k':W'fPt,as,pic: Oliv.~ Wendell 
Holmes Society. has its own teciures. tUtOrials, and saborat.Ory exercises and tht,' t.:O<U'SC 

material is studiedJ>y .IY*Dl'radaer tban'dildpttare?.,Qlftltal1ftfj0surec'~ th this first 

year, ~d cases a~, th~ ~Y-~~ for ~d ,~,~ ~c ~~~~m&r: ~ 2,4 students 
are diVfded into four· tuti:irfaf. grolips.and there is a stronl emphalil·•·11amworlc and 

cooperative learning within these. To date, the New Pathway students, faculty, and staff 

have :been enthUSiMlic· abetit. their exl)eri~ 'f>~'1'.~;" tQ:iia:~ d~veloped a 
very good rapport with each other. 

6Eacb new!Y. accepted medical student·was given the optJOttuntty to ~unteer for the New Pathway. There 
were 70 v<>1unteers.from among the 165 students.and.of~-24 weiesoledcd-bythe NewPathway faculty. 

1 For example, the anatomy, histology, biochemistry, and physiology of the cardiovascular system are studied 
as a single block rather than being divided among sections of tour different courses. 
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1. Attitudes; 

a. Attitudes toward patients ud collea&ueL 

b. Attitudes toward socletJ at larp. 

c. ~U.itudes toward Jieara1aa. 

cl Mtitudes towanl 0.9s sell. 

a. ~ ......... fr ...... ,.. •. 

b. Obtaining, retrleYilla aad stortna illfo......_ 
c. Wettina .... Mlf·wktt ... 'stwri.Wtle ... aif~·······. 

r. Problem sohia&. 

3.Knodtla: 
iL'An underst2116ag of the patient.al a .~ ... ,t.,I.:,., .· " ; '

1 

• . ''; : ·:'·•· , ·LL )',: . •,.• ·· '·· 

CHAPTER! 

~- :.::.~~L~'~,p})lrl\11~~...- •I hnrna 
~ . . . . 

e. An uaderstalldlaa of tlle complex texture of kaewledge ud tlle Importance 
ofdetaiL 



I· •· 

- - .:. ~ 

~ ~ . -.. -. 

I ~ - • 



6 CHAPl'ERl 

1. Vocalaulary Buildi• 

2. eom..--Stotatc.-. Hcttet 

3. Bitiliopapblc Rele"*8 Flies 

4. Aecess,to,Data Bms 

5. Simulation of Biolocical Phenomeaa 

6. Clinical Problem Sohiaa Applicatlom 

7. Computer-Based ~.atcal Reco• 

8. eo.,.teMllSdTelt·9*at Questleas ·. 

9. Personal Re~,FU. 
·cc 

The development is being_ carrie<J,QUtby tealn$~efmembers.oftbe New Pathway . . 

- faculty, members of. tb,e. i~ -~~ aadr1~ing.,staff, 'PC*"'dodOral 
fellows. and medical stu(jenf8 ~ipg ~ye ~'ill: :edacatioaat techlto~Y· It ·is . . . . . . 

envisioned that the programs,will be de~kOYftluMlfi. and modified0ftl'·1evenl years 
ofstudent~ 

1.4. Intelligent Pbysiolot* M..._ 
The hypotflesis which modvMed dtts project ts th~ certalrl ·elements of artificial 

intelfigence add tmoWled&e. Wied ~ t«h~ Wi ~ ifu1tfutly ~R~i~ in __ the 
construction of Module 5, Simulation of Biological Phenomena. with addition&t ~vance to 

several other ca~gories listed in T~ble ~-~ S~~ly~,°'~ ~ 't~ ~~~~;~-~ ~Jn!elligent 
physiologic l1todtling 'System fot use ·in tins module. This system ~~ ~ -~ Jp~ll\ge()t by 

-1:/ _; : ~· I", . <j _ ··~!- 'o., '• :·~_Tf' . :: !·., )j.jf :.d 1 ''h .·.~' ,,-

virtue of domain specific knowledge whiCh · wa eOcoded into models of different aspects of 
human physiology. Its value u a pedagogic tool wu to be a consequence ofits abttity to 

describe the nature of physiologic. entiti~ to:~ •e.~',between daean.and to 

~~ ~Y ,to their interactions. in ·addkiOltfl'l ·ntlfffdtiCat ,imf ~~~ ~rnulation of 
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their dynamic behavior. The system was intended to provide support for several distinct 

physiologic models which would nece&rily overlap in content This approach corresponds 

to clinical physiologic reasoning and to the way in which physiology is currently taught to 

medical students. It does not represent a unified description of all bodily functions. 

This project has consisted of the design, implementation, and preliminary evaluation 

of a Knowledge Based Physiologic Modeling System (KBPMS) arising out of the above 

desiderata. The project hat had a truly symbiotic relationship with the New Pathway of 

which it represents but a very small part. .KBPMS provided the New Pathway with an 

interesting pedagogic tool, based on developments in artificial intelligence research. The 
New Pathway, in tum, provided an opportunity for evaluation and refinement of KBPMS 

and the computational techniques upon which it is bad 
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. . . . . 

The developmegt of l<BPMS.l\asbeeP.~ ~~~,W<>ft ieJ.wo:lN.ior fields of 
endeavor:: compu~r '~pl~ u;··ed~~,Mi.~.,~.~ modeling. 

This cliaPier revieW$. ~e:.of the.~. ;Ck in.~~~ •rilriw·1'beir,mJadonslliprto:this 
'· . . ' 

project. 

2.1. Computer Applications to F.Alucatlon 
' . ~ '• 

~.asiis&ltl 'in9tluetion (CAI) has~ liVattatii~ •an ed~n~ tooJ for over 
: ~ ' ,( : :"1 l ., . l .. t "": . ; . .-' ,: - -' ' ; 

2S yem.:T.tatftioMJ1~1 isian atMPtatf()n; rif~~ ~inf! ?PP~ ~~~~Ya 
.flowdwt guides 1he llUdent 11tl0ugb 'ptogre•tvetftttofi Cllftult Sut>Jelct matte·r. Mu.l,tiple 
choice questions are .·nsec.i· WI *59 ~ sttidentt p-. tlh<ffil\ ~ to his ans~ers, 

· · . I . · ~ , , · ' .· " - . - ~ _"i • ~ ; ., 

materiat-maybe1Wiewed,ort1W;J*Ct>f~~~ab'n'0raccele~.:The 
studenis•...-• dloatailable fbteva!Uadd«~ ' '1 

· •

1 
·' 

A number of variations on the basic theme of CAI~ tatett phlte 'in several settings. 
The PLATO system [11] was the first to incorporate graphics capabilities by using ;1 plasma 

~' , 

disptar arutr*ri>ftctle p~. '•Mare ~-:11~~· ~Heolai>e. 'and' videodisk 
interfaees 'ha• been ·•~topetHbr the same ·pbi~ 1ffiS i~~; aVan&t;tiity of home 
mmputers lmgreat11fadntated·tbe dmettiimrfttiN'6fcxt ~W·C!~Jk>war<I· ~ wide 

•, . !(t' ~{} ., ...... ' ' :,: . ; ' . '~ . 

Much effort has been invested in applying CAI techniques to medical education JUL 
but the resulting programs have not beeQ~~· fb~'~ireutine pans! 'Of memtal 

. curricula. Some ~~ ~\laltQrs feel, th~1~,. I~ ~ ~J•• beetl. due to 

centralizatiQriof sudi' SfstC!D§ around~~ rqajp(c,• ?~ artJl:fe,inadoquate,user 
·intefface5.[ll~

1 

'ti}ey:~8S,~tlhat the ~Ant ~r~ q~~>M,ime~wUow 
cost mic~nip~ter t~(t~y8fems w~~!:~~Ua.fi~~ ~ ~*~~P\tsvstc:im. 
in medicined well •;Oth~·~.are ~~i~i1edJ~t•~~~~,·w~Jl\ek.flowdtart 
rourtdations render them inttex.ib~e,. uMbl~ :to ~"'4N>t-tRi~! •dspfindh1idWll 

. . .,.,., . . . ·"·. .. ··-· ..... .. ' ' 

studeri~ View~ from ~~J>erspective of. the Ngtr_~wa,,~• ~ 4(1 ~al(l)Urage 
a sufficiently active role for the student in the learning pnx:ea 

In response to the deficientj~ of traqilion~.CAI. ~v~ •v~SOl1 ~-~ 
to appfy artifidai intelligence . techoology ' k> the ~ of producing intelligent tutoring 
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systems (141 Such systems. termed ~1enbCAl{JflM):41ti1riPt U1 ~ inttlligent in two 
different ways. First, they ina>rporate comprehensive knowledge of the dpmain they are 

mtendect roteao11. and'seeuncJ. ttey tmtil1Hi'-: ~$i\/~Ut1beb~~i& and modifJ. their 
tulelage ,ift response· to wltlf11ie ·~r-.ib ·~·~ =~J.1 T~ date. 

< most ICAl cy&tems 1-e belft ·~·l.rhight1 ~o~~d.1 ~;~ playing 

(15] and troubleshooting electronic circuits (16}. where they have met with p~iminary 
success. 

GUlp<lN (17.18) is cui IC~l ~ ~1i4Qi.._. :-.,kqow)edp(encoded in 

,rule b&,ecl "~xpert" ~ms. ~~. 1W;itW :Y~.-~ .IAY~ltf,i!WGious· disease 
knowledge base [191. and,.~. rep ..... ~ ._,~ii"J.-~:LIP8*1Pl education. 
One~fthe .. il~portantl~~.d~&i~----~lWll:dtatatltof 
rules ~~~.P~~#~.~H,!·~~~haaawam•use 
by such· a pedagogic P~."Jbus~~~~ 9"1~ ~tbetast 
of restructuring the MYCIN knowledge base to mate it suitable for teaching purposes. This 
istheNEOMYCI~.p~(2fU. ,, . ;.· ··, 

, ' .· ; - .. ~ I ' . . . ~. , J.,..• • ·' 

KBPMS ocx;µ~ a 91;9~ 8IO\mdi\>,et~;~iC,\I aachthti liMR ~ 

ICAI 5>'.sffiriis..lt ti~,.~~P,,k~~~d._Q(°.its,~r""':~IOtl...,,.1to model the 
studept~s be~avior or leyel <?f ·~~;L ft.4A:JAMP1'Ad!I05~;ar/tlmble 
educatiOn'aJ .toOi ·based oo ·;ell established pedagosic and ~-al-1ocitll19.J but does 
not add~ entirely new research issues in either field. 

Numeric physiologic models are analogous to the spreadsheet programs which have 
become ,attufat'in'~~tx)mmunity'.·+t\ey-~:.i~~~~5~~Jhe .nse to 

, ~.J·~ ?_,,..; ::~,·~:;: ~--}s-'~r !Pt);.'_·:. ·· ~ 

~-----.--------·---· -
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a given set of perturbations and are amenable to graphic presentation of results. However, 
like spreadsheet pmgMms. -,. . aJ't, limited by their' dePth Of tnowledge in the domain 
which they are modeling. Specifically, they hav~ no knowledae of the nature of the entities 

whose behavior they ~ or of the~ ~ips tftwcmt tlltm; Thus ~ are 
unable to answer such • pedqqpcally ,crucial· ctutill0t4 as.,,,_ .. sotn6tbina is, ·or" why 
somed,til\g h~ " 

Another cm of coml>u..- based'. pb,sk>fdlic: ttlOdefS Im: been 4evetoped by 
researchers in medic'!t ··~. ~;-:;~ .fa;; • 11*terfti)t- to· improve the 

perfofltl~ce-,ef tbeir ~·:,p~:mre:;..-.$fCilllt.ft-of·MAf 1Y*m89 was 
limited by its reliance QR ribeisomenoJolicil::--~. Iii~ -~- d*-8se 

~- ,; '._ ·~·::. - , ·:-":- __ · .. t J~ ., 1' ·: . _L-~~"' .. . - . 
manifesrations118d ~ entidt.s fbr~ ~t)si •Bhe$lp)'~ 'TMseJJ*mS 
had nc> u'1(fenying kno...._ or-t>ody.~~.~~-dt;~;~ and ;,ere 

. <f ___ - • - .. '. '""·~~- _· - ~'j- ';. -;-.. ~ ;'" '·,.: ~- .• -~·~· _,. _ • ; ,.. 

unable to cope witli m.uttip(e ~.:diie--,:-~~-,~ ,~. ~v.olying 
conflicting items of J>~llh lftcWri1ij~'lt1.W IKCd 1of;~iftl1J 
based 'xplanatiofts Of their-· coocl~-. The -~'of -~"nmrtedgd in 

compJ~onaf structures is seen a a 1x>te~tiar~-d .~ these deftciencies by 
pennitting MAI: Pmgrams !&·~f'e8'lUAt die,J>h~~~ l,vei" .·, --

. · -~ - - ; .. ' }~ .. x -· 
' op. r 

t ~-

J ~· In 1976, Srm,tJl f27l proposed the ~ auemPt'' eMode an_a~ic and physiologic 
· knowledge to suppoit)u9fUrcct re$solring in lbil7~ut~~"'Hls :~ W.10. ~Y on a 

frame~:·~· sa.tegy~ '1t~,~jt,_ifitp~~ ,he felt that 
existing repmeR~·:techniqUes: we" itJa~,"-· .. r .. 11'ose. tilts subseqU¢nt 
research etfotts were:~- at ~--th~~~,~~~ -~!*don 

- - - ' ~ ' .· -: _ ,_,-..-~ ,.,..: .. i ' . ,,;"· ' ·~... : . ' .. 

andh~nove~u0ted10'$11e11eaof~. -· , · · ~, · 

.. 

ABEL[29), ~ ~ ~ ~ ~h~~ ill.~<lo~ of *Cfd .. bue 
and electrolyte diserders,.aic:OdCS knowledge of ~"~ltr in semantic network 
structures. The knowledge • ~ted- al; tmle ~ or 4etail >(tenned dink:al. 

• - ., t'_ .. • '. ,' ; ~ n• •• \!'JI •::- ' •' , • .,.,_ .. :;. ~ : i-• 0 

intennediate, and pathopbjtsiolosic) batrusonipg is-~Outatthe.mmt detailed 

- level. ABEL din :expllJfn ·its reasonita in. ph~~·~-an,.hlSpq.tiel a&ll teachfug 
tool, though it. ha& not beell tested 1'~ tkis'-eD~ . ,~ ' . 

·-"'. .; .. . . 

9The ubiquitous "big four": MYCIN {191 INTERNIST·l (241 CASNE.T [2Sl and PIP [26i 

·-- ----
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Seve~ iaves&iot<Ms·.Pwmnt11:clJllodag,the:,~•.of-lmawtedge•of'various 

medi® .domains-. in ~ t.nMta_;of: a•llit>aecw-.hWalls:~wm~'SIMdifre (~ have 

combined.·aa~ ~'""*·''**'' ...... ._f•l•-~t~ ~x'plilfta1ioo 
production system. Long (31) h• developed a causal physiologic model of cardiovascular 

d~ for use in ~ and therapeutic reasoning about angina and heart failure. 
Blum [32) hm devised a system for representation of empirically derived causal relationships 
as a means of extraction of knowledge from a large clinical database. Kunz (33) h• studied 
the analysis of physiologic models for enooding in knowledge based system& Widman 

[34) has developed a representation method for dynamic causal knowledge in the domain of 
cardiovascular physiology. All these efforts have, in tum, relied on more foundational wort 
on the representation and simulation of causality in physical mechanisms, such • that 
carried out by Rieger and Grinberg (351 deKleer (36. 37), and others. 

A similar, yet distinct. approach to physiologic modeling hu developed u a 
consequence of recent advances in qualitative process theory (38t Qualitative simulation 

(39] models a physiologic system by propagating constraints imposed by the mathematical 
relationships among physiologic variables. The numeric values of these variables need not 
be e~plicitly known. but may be characterized in tenns of their direction and rate of change. 

as well ~ their magnitude relative to pertinent landmarks (eg. above or below normal). 
~ Given an initial state and perturbations. qualitative simulation can determine all 

mathematically possible suc::ces&>r states, though some of these may not reflect physically 
~ible behaviors of the system being modeled. 

NEPHROS (40) combines the ideas of causal physiologic representation and 
qualitative physiologic simulation. It is a modeling system based on the propagation of 
constraints through a series of gray boxes representing functional units of the human body. 
The gray boxes may be either discrete entities or further decomposable into structures made 
up of other gray boxes. thus implementing a hierarchic representation bad on level of 
descriptive detail. NEPHROS h• a simple model of nmal function and is capable of 
reasoning about the pathophysiologic entities of congestive heart failure, the syndrome of 
inappropriate antidiuretic .honnone secretion, and the nephrotic syndrome. 

KBPMS occupies an intennediate position in this spectrum of modeling 
methodologies. analogous to its stance relative to other oomputer based education aids. It 
incorporates the principles of numeric and qualitative simulation as well • the 
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representation of causal relationships at varying levels of detail. Jt is capable of reasoning 

about what something is and why something happens. It emphasizes the application of 

these features as educational tools, over their further theoretical enhancement 
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3. Project Overview 
\. ' ·~<i ~~ ,•\;; • ''~. ' ' ,, 

This chapter orietly S!Jmm~zes _the <iesign, imp~ef\p~ r'f~!qv~µ~phases of 
the KBPMSprojeCt. A mo~ ctetailed.~tion ~f~.,iathe~;P~~ Qlapten4 
and~. · . ' . . .. 

3.1. Design 

The design phase of this project consisted of the development of an intelligent 
physiologic Dlidel&W1t'*"'{1":88MS~Withthe'lbllawifta'taPlf,WMti. ·; · · · '. ... · '·. 

1. Compi~ti~n. -~~PMS~ able to compil~I~~~~~,<#F~t;~. ef . 
pftysiologtt ktn1wletlgt tnftfincemal computatiOilal ~-f9~ ;~ ,l'f: ~ \. , 
out its:·~!f·/'J1tic:Medefs ate w~m a:untti11n"~'b&Sed 1angµage .. · 
(281in4'Ml~ibtill(n,....._«nadtu,_~~-·n~::· .. 
and Independent of the procedaJtat~··bJ,itdlirJt,ilitaulrltian ·and·· 
explanation are carried out · · 

2. Simulation. KBPMS accepts perturbations to a model in any of the roltOwing 
fonns: numerz vah~~' ,,of J>ararpe~~ .~~~~~~,it~~~ , of 
parameters,10'P aftt1lettt of p~·· It Shbws 'the resumng nlJ$llepl and 
q!J8li&ad.ve·.penwbltions1• they.·~·~· iM ~( · 'Pdhbwtng'. a 
simuJatiqJJ.,pm •. iJC~~ca&\·~ .W.,,a paltieufaf-.X._~" 

, ' 

.~c. , >' .;:,._ 1 ~>=:.-·~.1 ~ :~~ •• .: ;!~ !~;. ' · : ' 

3:Explattation.. KBP. · MS fs a~le')~··answer the .~Ip~-.~ wbere the 
blanks mqtM9 ifilJed 1tJY-:ln1~ wtritlris deSti'fbedlnil'l~00el': · · · 

What is ? . 'i' -,, . ;q;•j; .. ~·._. ,. ' 

What directly influences ? 
Wha&ildi~Y~'by. ___ 1 , 

~ .· .. ·· ir,ft~_fJ, ,, 
What are the riledlanisms Of . ? . ! . 

'· / ,,;~;. -: , .q ,. 

4. Ve1;ijkaJton. Wheftcompiliht,a1mocte1~,~BPMS!~ ltmlted checking to 
ensure. ia~~-:JMrdetlllitaef -----•er il'IWM·•in ·terms -
ofdetailsof~el~~~Jrt~.4,,2~\.io), 11,. ,_ · ·· -

1°'rbough not necessarily combine. 
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3.2. Implementation 

The implementation ph• of this project w. two(old. .. In~~~IY, .. a pJ'OtQtype w. 
. . . ··: . .·· :;, ··~~~> .. ;.,, :: ,r :,:~;; . ·. 

constructed itt LIS~4Iffbt a rftainframe system' at 'il)e Mtf ~ for Qpputer 
-, . - , . , , ' . . '. _,. j t-· ~ i I;~- . -·.,.i . - \· . .:~, ·'. , l - : . 

Science~ lfhe·ptotofype impletnented mOst featlirei ot the desian described above, ~ wa 
fully debugged and operational using a simple model of respiratory physiology. It had a 

sufficiently powerful user interface to permit extensive testing. but Jacked an1 ,$f8Phics or 
advanced user support capabilities. ·' · . . 

A subseque~~ iQlplemC'1tation waa ~-i· MUMnllOl using .an HP-150 

microcomputer provided by the Harv~rd ~ };a!1'.wa~ ... , ~-}i~al hnp~ntadon 
~.a11:~e·~;'~ cap'abilities. in.;~;~~~·J4v~ tn.dly. user 
interftee .• ,· 1111s m~(fitCe features extensive UM ,Q_fr~~VO:rcraplli¢s and is fully 
com~~ witll other, ..... of, the New1 Pallt1•J~:~, The final 
verski.t uses die.same resplracory modehsthep~ :;;c · 1" "· '.' '· •• 

3.3. Evaluation 

Ideally. m,e evaluation ot>jective of th~,P·~ ~:h:ave ~.to fullr assess the 
long tei'm effl;ctiven~.o.f QPMS,a&an ~al--..1t1utidlial*1coft9it·Ofdle New 
Pathway. However,.:~ ~asive and rigorou!HM!ldMk:iil: vrlM Unreat~talty ambitious 

" '-

for the
1 
~imit~. time sp~n .or,~e, project .<appr.ox,im.~lf;;~ Jeq,i;}~~~{~ ·.~ .auesnpt wa,, 

made at Dri~ form ofthnit~ but pqtentjaUy: ~~~~nt. with the .. ; '' . '' . . . ~ . . ' -. - . . ' 

prior realization that the results could be considered "soft". 

The evaluation phase consisted of a homewert ...... m. iespfniory physiology 

which was given to all New Pathway students·usN'·~·~aJ ipoun:es (class 
1· . .r - ··,, ·' - ,- .: r·:.:"·,... t·~ . -· '- ~ ... ~ , . -

notes, textbooks, laboratory materials. etc.): fn adeiit10D: a·. nmdonily selected half of the 

students. also. had .. ~ to .~¥Srwbile-: ~11-rhonwtft:. A Wie•aluation 
quiz w•sp~dy give1tiDd•t11e .-ts.-11beo ~:of ~.~tr·• then 
given ~ to KBPMS. All stucteml' and ftltuftY wercf~nc6u~ tO 'fepC>rf their opinions 
of KBPMS, its major strengths and weaknesa. All participation in this evaluation 
experiment was solicited on· an entirely voluntary basis and one third of the 24 students 
oomplied. 

Analysis of the quiz scores of the two groups indicated tha~ those .~dents who had 
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acct3 to KBPMS !mred approximately the same as those who had noL The mean scores 

were 78Cf> and 76Cf> respectively with a standard deviation of m. Due to this very small 
difference and the small sample size (n=B), these results are not statistically significant. 
Student and faculty evaluation of KBPMS spanned a broad spectrum of opinions. These 
ranged from those who thought the program and respiratory model were exceedingly 
simplistic to those who felt they were far too complex. with a variety of comments 
inbetween and no general oonsensus. 
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4. Methods · 
' 

This chapter desf:ri~ the me~,.~" ip c.-.tlJIDi'. ~,the K~S project.. It 

presents· ~efinitions ofthe, relevant J?h~··~-·1~,~rel>ftllClltation 
scheme w~ich w~ ~!JlPk>Y,ed the aJ&oritbml:,Wti~;1~tJ•l~ syslt.m's 

, • T f _ • O ~ ~ : i t} o } . " "" 

· functi~ns., an~ ~ls_,yt;~e evalu~ st.rate&¥· .. ~•~fih ex~dlawn 
frooi respiratory pfi)'SiOlogy. . 

4.1. Ocfinitiom 

The mefl!ocls described below prea,ul>llf*. a h.ighlJ simplified-view of human 

physiology, one wh~ nwy.be flJll.Y.~~ri~ k.\. .. ~ or~ processes, states and 
. J . • . . ~ ... . • -

steps. For this purpose the following definitions apply: 

•A paiameter is any potenli8uy measurable physiologic entity. It may have any 
simple or oombined units and thus may be an amount. concentration. rate, etc. 
(eg. tidal volume. respiratory rate). 

• A process is a description of the way in which parameters interact. For example, 
the process of bulk gas flow destribes the interaction of the parameters: 
respiratory rate, tidal volume, ~d space~. ~d alveolar ventilation. lncre.ed 
respiratory rate increases alveolar ··vent~iQD. ~ dei,\d. space decreases 

1 

alveotar Veritilati,on, and s0 forth. · · · · · 

•A state is a characterimtion of the qualitative value of a parameter (iJlCreased. 
decreased, or normal) or the status (active or impaired).d"'li ~ For 
example, hyperventilation is a state characterized by demased arterial pC02 (a . 
parameter). and adult respiratory distress syndrome is a state associated with . 
impaired alveolocapillary diffusion (a proc:ea). 

• A step of a physiologic simulation is the set of changes of values of parameters 
indicated.~ lbe rdatioosbips 4-Alfed .e,.e liftlle Pf'OC8! ·Thm·1he ft>ttowtng· · 
would each describe single steps: "Alveolar ventilation (a parameter) is 
increased by increased respiratory ra~(a~hulkp-tlow(a , 

. proce~).w;--co2 excretfuD rate (a parameter) is decreased and arterial pC02 (a 
parameter) is increased by increased alveolar pC02 (a parameter) through 
alveolocapillary diffilsion (a J>l'O(.'m)." 
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4.2. Knowledge Representation· 

; ~ ; 
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D-D~LJ~D~o 
C02 pr°'d C02 trans pa.C02 pC02 re9l / ~C02 

··~··· ... ·-··,.. 

11pC02 is the partial pressure of carbon dioxide gas. Unless otherwise specified. it refers to the partial 
p~ure Of co2 dissolved in arterial blood, also dcsignlled • arterial peo2 and paeo2. Al¥ealar peo1 
(pAC0

2
) is the partial p"88Ure of co2 in alveolar ,.. Unbtunately, tJlis widely mpt.ed usage of 

abbrevsalions can be somewhat confusing. 
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CirculatQry C02 transport and .respiratory regul~ ofpa<;02 are the /'lttlChanisms of 
C02 elimination~ shown in Fi~llfe 4-3. These.p~ may.;ifl,~kave ~hattisms 
which we wish k> simi,larly ~ribe. SUi&~ll& a strif;t ~such at:5'own in· Figure 
4-10 (page 33). Here. as!~~ other~ di~~~ links·_. indicated by 
dashed linet. · . · 

C02 trans pC02 re9l 

I: 
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Figure 4-4 is a unified representa~qn .of t~,p~h}g ;threp Jlgu~.!and shows 
t - • • ., ' 

influence as well as ~On<>Jllic linbr ~}h'1\~i~AA1~ig jn_ ~"~ the 
pll)C(3 of col elimination, and is only meaningful at the seCond !JIXonomic •eve1~ 

, .:- ~ i . ,,· -. '\~,_-. ~-·· '~"- '. ~- .• ..._, 

:..· ,f; 

Fi&tUe 4-4: A Unified Reproalntadonef OOfBitntftadoft 
.-· ., ,. ' 

-)-

. ,-~ . ' .. - . -

---------------~-----
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· The fottowibg are some properties of the representation strategy illustrated above~ The 
exampf«ij &fe talterrftonf PfgtJret~'"t; ~19. :~d;~· 10~~· 3fio 33). ::: .· · · ~ > . : 

"' • nr • ' ' • '. ~ ~~i • • • ' '": • ~ ./' • ' • 

• Pammeters can be very different things. They are united only by the property 
that they all have a potentially measurable value. For example. respiratory rate 
is routinely measurable and clinically important white alYIOlocapillary diffusion 
rate is somewhat esoteric and quite difficult to measure, yet both are parameters. 

• Processes can be very different things. They are united only by the property that 
they describe the interaction of parameters. C02 eliminadon is a very abstract 
concept while bulk gas tbw is a very speci(tc physical phenomenon, yet both are 
processa. 

• ProceSSQ at t/M .,.e:llXQtlt#tlic Ina,,,,., not;lllJNe ztJae anr'lt#ISeriptin level of 
abstraction. In Figure 4-10 pulmonary gas transport, which is a pbysioqic 

·~~:~!!~~5ru~~~~~~-:= 
children be at a lower or equal descriptive level of absuaction than the parent 
The pertinent descriptive levels are: pathophysiologic. physiologic. 
biochemical, chemical, and physicaL The .,,,,,,,,,,,, grmus process is 
homeostasis. 

• The representation suucture is_.a fllnle"'1J ,,,,,._}n which cycln are permUted. 
This type of structure mil&U·t:>Cnn• 8l!efl ~pdft.'P{>W-. though it may also 
incur substantial ~~l COSi. ··At the \•ery 1-..iarc,mu~ .~taken to 
avpid en~eyCiing whit& trav~-sUCh ·.llraPh wh .. ~ra"-one or more 
f~dback lbop&r~ algorid)nt ··~tit carrif$ •·siJbalatioi\ arid 1circumvents 
th~ pi~atl ls describW·in &don 4:+. _ l / _;, 

, . . 0 . 
• lnfo'rrnlaion at different l~s of abslmctlon l1IU# ~ consinenL A neceaary, 

though not suff'lcient, condition for consistency is that at any given level of 
abstraction (defined by the taxonomic, rather than the descriptive, level of 
abstraction of the processes involved) then: must exist a padt between every two 

ll~. ~---Lpada a&. laWau -···--&808. 
Intuitively, a more detailed description must explain at least as much as a more 

.. absU:act one. - - .. , 
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Parameters. p~. and states are not discrete' entities, rather they all have an 

internal structure which may be ttdctt~ 'osittg'~ A parameter frame describing 
pC02 is shown in Figure 4·512• The type, names. descriptions. references, units. ~inical­
measurability, normaf .. range, and physiologic-range slots ~~, ~ in4iqt.te(l ·~Static 

information. The ~ated-states. inft~~~ ~ ~-it)(luelited13 slots 
• • ... - '• < ,, • ·j ~ :~· ;,• \ 1 -- :: c ':'.-f .... 1 \';· 'I '~ - - • " 

are filled from intbimafion in the state frames and process Ballet at 1he tittte' dlat a model is 
• ; ~ ~ ·;, , '"!"i~r._ ¥ } ; .• J ) 

compiled. In the the latter two slots, the listSi ~ti,._,._, tottce~ their ·taxonomic 
level. The default-qualitative-value and defauk~vj,iO ~ ·~ u9ad .to initialize 

parameter,~alues,.which,,;ire _then~~.'~~~~~-1~The following 
qualitatiVe values are permitted: normal.~ ~ further increased. further 

- j. • ~ • ' . . ·,,, - ·_. , l,' 1 : _1 l 

decreased, itlcreasecf t0waN normal. decn•ad· . .....V normal, and_ qnknown. These are 
' ' ' '"'-' . l • "" " . ,· .,; . ~ v ' : " ; ;' ' ' 

discussed in Section 4.3 along with tile~~ used to manipulate them. 
• ' \ • ; !::· 

'.!··, 

12Figures 4-S, 4-6, and 4--7 show both the USP and MUMPS~ of ..,~c:om:spond.,,. fames. In 
MUMPS, strings are used • indexes to globals (mulUdi•i11bPal arrays) and therefOre 
"tglobal(model,frame,slot,iadex)=valuc":~dllu11111u1 '11111 USP Aillllle~1tie .._tm. show 
a fonnatted ~of the MUMPS frames which indudetWO ... ~ in ~.·"\µSP ~P~ These 
are icon and glab which are used fbr the araphics oomponent of the MUM~ ~ Pf'uwMS. · 

13Unfortunately. /Jffluenct is not a very good choice of words here. Panmc:tcrs really ~ly influence other 
parameters through processes. The names of these slots seem to imply that paran1eters also inHu~~ .. Processcs 
per .sued vice-versa. Stridly speathlg. lhllriS not the case. ·· --- ..... .. --·- · ,_, · · 
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(PC02 

PC02 

(type: (PARAMETfW)) 
(.n,"'9S :. { "arteriaJ peor "llCN." ·~it)) ,.J 
(dOcr1ptiOft: (•partial pressure of carbon dfoxfu tn artert~l -lood")} 
(refeNtJc•=-- l"lfflt.:f .• t 11

) . i ; " 

(units: c•n. "9")) 
(cli1ti1:al...._sura11n tt1: (IGUT11£)) 
(nor11111-range: (~8.0 4_2.0)) 
(laltys1loloft4'-i"-Hfe: (tf.O tot.Of) 
(usoci•t!d:-.~\•tes: (HYPE;ftCAPi'~ llL HY~~>-> . . ' . ' . ' . 
( 1af1uenct•f'ifl"Oct1Hs: (( 2 (tIRCULAfOltY-COZ•fRAISPORT R£SPIRATORY-CONTRO 

L~~)). '·! <: . . 
(3 (CIRCULATORY-FLOW PUL~Y-GAS;EXCH~El) 
( 4 (AL~OUIGAHl.Ull't+e#F•u•tnf' ' ' 

(processes-influenced: ((2 (RESPIRATORY-COITR(ll.·Of-PCO.in 
· (3 (~flUt1HH . . . ' 

(default-qualitative-value: (NOltMAl)) 
(default-nU111tric-value: (40.0))) 

ASSOCIATED-STATES: HYPERCAPMEA 
Nil 
HYPOCAPllEA 

CLINICAL-MEASURABILITY: routine 
DEFAULT-NUMERIC-VALUE: 40 
DEFAULT-QUALITATIVE-VALUE: non11l 
DESCRIPTION: partial pressure of carbon dioxide 
GLAB: pacoz 
ICON: .475 

.666686816807 
1 
4 
45 

in arterial blood 

INFLUENCING-PROCESSES: CIRCULATORY-C02-TRAllSPORT,RESPIRATORY-COITROL-OF 
-PC02 

NAMES: arterial pCOZ 
pCOZ 
paCOZ 

NORMAL-RMGE: 38 
42 

·PffYSIOlOGlt•RAMGE: 15 

CIRCUlATORY-flOW,PULMONMtY-6AS-EXCHAIGE 
ALVEOLOCAPillARY·DlfFUSIOI 

... ;: 

PRQ£ESSES-INFL~l'CED: ltfSf.IRAJOftY•COltROl.-of •PCOZ · 

REFERENCES: West p. 
TYPE: p-araettr .. 
UNITS: nn Hg 

CffEMORUlEXES . · 
1 
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Figure 4-6- shows a p~ frame describing ·butt·· 885 "flow. The type,· names, 

dcs:ription. references. teltology, and ctesc""6~-of-abstraction slum oontain the 
corresponding items of static infonnation. The intluencing-~e~rs. "1]d ;•~ters· 

influenced slots14 oontain incoming and outgoing intluenee links "rapectiveif, The is-a· 
••, r,~ ( , "\,>' ' " :-1 • : :, " .'' ' ' '> t ''." • 

mechan!sm-of and ll'M!t!ftaftlsmS. $IQts ~~ ·unq a~ ... ward &Uonomic links 

respectively. (The mechanisms dot of the. ,~Uc ~ flo~ ~c.<»tltain$ iML '1*.use the 
mechanisms of bulk gas flow are not described in. thi$ ~l :l'tte ~w.at(v.e-rules slot, , .-.-· ,. :, ·,· ·~.ri.~ ; .1 ;~I, ;~};~;: '_;-~ ~.4'*J! ~l(i';,; o} ~!.,: '. •." · . 

contains an arithmetic.expres.Wn.ccmpa;eti.ef,.inft~· ~ts. and a 
. ·, .· -·1:-·· • ., . . · r ·Alli(,.,. __ ,,) , . L , b · 

parameter from the parameters-inlhieOCea list The qualitatltHtlles s10t··colitains an 
[ ~ ~ i 4 •"' "')~ ;;:··,:._Ji· 

influencing-~l!ram~ter. . (JUalitatiye aJgebraic. .-~ · · a.L intl~ters. 
respectively. The <?j>Cratof9,f!18Y be or(e'~the-~;~Uy(i~P&1(M +)or 
monotonically d~feasina;fM'") 1 Tttc;~ ~~~~ is discussed in the next 
section. The default~tus slot'"indiCates whether tld&·1·~ is 11dl'niafty active or 
impaired. 

.: ; 

14 Also misnomers in the same sense as previously indicated. 
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(BULK-GAS•FLOW 
( type: (PROCESS)) 
.(n ..... : ("hlk tM fl_.)) 
(description: ("flow or 911 vol~• t.ltroqh t"f t~:4f11M~ltt•l &rH")) 
(rete,Mc": •&oytn W· ... , ... 4ae• "Weit'·,,. tS'.:1t•) · · 
(teleol.C!fJ: Nil) . . . . . 
( cNtscrfpt fv•-leve1 .. ·or•nstrah ton: (PtfYSICAL)) 
(associated-•t•~J: (CQfD)) 
( 1nrlU1iic'11'0"P•r•t•rs: (RESPIRATORY-RATE TIOAL-VOlllff DEAD-SPACE)) 
(par.-ter-:.:rat~; ~<AkYIOUIMIElfllATI~) '.. . ' ,i' . : 

( h-a-niecftaA1Ut-of: (PUlMOfW.'Y-GA~;-lR~"~T)) 
.(~qhatJla111t: •Ill) . ·· · 
(taxon0111c-1eve1:, (5)) . . . .: , ,, , . 
<•riUJaUve·rul•tt! ((-{lfMES RESPllt'ATOR'f•bTE (D'trmntE TIDAL-VOUJME D 

cci.aHu,1ve-ru1es: · {{~~=~~!·~A~v~~l~~~~lnt'!~lo;;H. 
' ' {J;J~~:o~Q\.- :{,...1M:Vffl:AtfV£ .. tf;tqtllltJ· . 
. (bfAD-$PACE ( M- Al YEOlAR-VflTllATI~)))) 

(default-statu: (~JJVEU)~ · ~. · · ';<'~' ·. 

BULK-GAS-FLOV 

ASSOCIATED-STATES: COPO 
DEFAULT-STATUS: active 
DESCRIPTION: flow of gas vol111119s 
OESCRIPTIVE-LEVEL-Of-A8STRACTIOM: 
GLAB: gas flow 
ICON: .83121 

. 188666668087 
1 
3 
90 

through the tracbeo~rochtal tree 
ph711ca1 

INFLUENCING-PARAMETERS: RESPIRATORY-RATE 
TIDAL-VOLUME 
DEAD-SPACE 

IS-A-MECHANISM-Of: PULMONARY-GAS· TRANSPORT 
MECHANISMS: NIL 
NAMES: bulk gas flow 

gaa flow 
PARAMETERS-INflUEICEO: AlVEOLAR-YENTILATIOI 
QUALITATIVE-RULES: RESPIRATORY·RATE·>M+:ALVEOLAR-YEITILATIOll 

TIDAl·YOLUME->M+:ALVEOLAR-VEITllATIOI 
OEAO-SPACE->M-:ALYEOLAR·VfNTllATIOI 

QUANTITATIVE-RULES: 'ALVEOLAR-VfNTILATIOll'•'RESPIRATOltY·RATE'*('TIDAl-V 
OLUME'-'0£AO-SPACE') 

REFEREICES: Guyton pp. 414-411 
West pp. 11-19 

TAXONOMIC-LEVEL: 5 
TELEOLOGY: Ill 
TYPE: process 
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, ,. Figure +7 shews two state franla~nt-~'"and adult respiratory 

dis~~~ ~vdy.· 'llley~ tfta&l....,·« •·ffiunt(and 
their ~is.W~~ ~ .... ·Mes'•~t~rit>tive tevd of 
a~. •Hhat.fbw,may Diiiy .....-tlw~il1~ <ff. flarameter:or the 
·im~~,~~ .,.~. Jdld1-ty)M9iol.,.... ~if mweple stnoftyms in the 

~ ~ and a6YP[tblir· slola·Jll&J bct,lled'Willf'JVL~rtlevattt bift>nhatfon is 

Pl&ufe·4·7: Two State P- ·' 
' :(',':·' "t ,, ~: 

( HYM'.1'CAP1£A 
tt.v~:. JSJATtU · · · 
( n'i.:tl: (•11ypercapnta" "llypercarltia" "hypoventi lat io.•}} 
(descrtpttve-level-of-abstractton: (PHYSIOLOSIC)) 
(perturbation: (lllCREASED PCOl))) . 

HYPERCAPIEA 

(ARDS 

ARDS 

DESCRIPTIVE-LEVEL-OF-ABSTRACTIOI: pllya1o1091c 
NAMES: hypercapnea 

hypercarlt1a 
hypovHt 11 atton 

PERTURBATION: increased 
PCOZ 

TYPE: state 

(type: (STATE)) 
(names: ("ARDS" "adult respiratory distress s11tdr011t" •sttock lung")) 
(descriptive-level-of-abstraction: (PATHOPMYSIOLOGIC)) 
(perturbation: (IMPAIRED ALVEOLOCAPILLARY-DlfFUSIOI))) 

DESCRIPTIVE-LEVEL-OF-ABSTRACTIOI: pathophys1o1091c 
NAMES: ARDS 

adult resptrator1 distress syndr ... 
shock lu119 

PERTURIATIOI: 1.,atred 
ALVEOLOCAPILLARY-DIFFUSIOI 

TYPE: state 

- r 
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The. examp~ u$ld ~ are taken trout' a:lnOdel,of carbmtilioxide--homeostasis by 
the respiratory sys&oin. . This · .. modd ,_.1JH$ted.·1~((hyt01\!s(4!f'· aft<t west's 

(43J textbooks of_pJlffioqy, Fisunt4~8 illUstMds die pmllleaem and'·~ in this 
mod~L, .. pi~ in~ ._ IWd ·..-amie.,··liJ*s e ·sho1Wf1ift.·-Figft- +-9 ··and 4-10 
respectixely. AP,pcn4i•JlisSI tlM«inPlete frwi.bmed.~ etdlfs:model. ·The 
~rbQn dipxide ~.modetis-.quitetanall:(ll ~!J.l~ Ud l&States) 
and encompasses a correspondingly limited subset of .~~~r res))tnltory 
physiology. None-the-~. it seems reasonable b,l ~~t,h•a~model eACOding 
the sort of knowledge that we wish to teach ~,.a+nts about a particular aspect of 
human physiology (respiratory, cardiovascular, electrolytes, acid-base, neuro~ ~r)1miJllt be 
described by models of this order of magnitude (ie. lea than 100 ~-'andpfl>cesses). 

' ,.:; : ~ ., ' 

----·-- ----
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4.3 •. Qualitative Valpes and Operators 

The.semanticsof'dle qeatitative··~ 8i+ and M· ari: '-edon the Incremental 

Qualiiativ•h~1gebra,ef ~-but'se•entt ftldfttltlM'MV~·1;-ee1nnUO<tuced to deal 
with the additional qualitative values which are not present in deKleer's origi~ four valued 

logic/lbe,new values are: further in~ funher decreased, increased toward normal. 

and ~reased l&\Vard nonnal; apq ·~ supplement normal, increased, deoreued. and 
unknown. 

, ' 

The new qualitative values are somewhat imprecise ooncepts whiclt encode a 

combination of a pa~r's rnagnib.tde, ~ and rate of change. u we• as its past 
history. A parameter Whkh js4l0nna1"·aa4. ~Ottis an increasing influai:e becomes 

.. - '· " _,.;"- . ' ' .,. ... -- ~ 

increased. If it then axMmters .Wlotlfef ~ intluence it becomes furthef increased. 
.r:~ r ,. • . ) 

Subsequent inueasihg influences will not . change, tbe value of the further increased 
..... ~, f ~ 

pa~ter.;ff ~ i~ or further~ ~ enoounters a decreasup influence 
it bec0me$c decfeased toward normal The notion of homeoadc forces ~ming a 

. . 
physiologic system to equilibriunl:is ~t in this last trapsition. 

; 

Ftgure 4-11 illustrates the <ilroplete semantics of M ...,. · •>-£ Por e~pte, consider 
' f.!t:' . -~~'- : .. -·· ~-

the pn)cess frame describing bulk gas tlow shown in i::tue.~·<!s• .~: It ~tains the 
· following entry in its qualitative-rules slot: '··· ~-

(·" ~-· -.. 
RESP IRATORY;ftltTE"~»t+: ALVEOLAR-,VENT I LAT ION 

llte semantics table for M+ in Figure 4-11 giv~ the resulting value for alveolar 
ventiladon given its initial value (the "~-...... r iduencect) ·and given tho value of .,_ ......... _ !' 

respi~ry rate (the influencing parameter). · 
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t n f lwtnCS ii ,,.9' ; fil&r M eit.,.l · 

M+ 
I I I I N,. I ·•· I I 

* N t I J. I l l I ? I ! * 1' •f'' I I 

"O I 
QI N 
u 

N 1' + I 1' + ? ? ? I 
I 

c 
1' Qf 

:::s 
:t i· : i \'j' t ~ ,~ 

t N 
? 

... + <&.. 
:s:: - t 
t.. 
41 i ~ 

QI N 
~ t ? ? ? ? 

L --J.-,. 
a.. N ? ? 

1 

':~ 

InFl~•ncin9 Parainatar 
t j + j i l i N ! + ? 

~ ........... ~-··'+ ...... ~ .......... :r.~ ...... : ....... ::.L ...... ! ......... J., ...... ~ ........ :.t ....... ! ........ ¥: ..... ?: .... '_~i--~-:--l----7~·-- . 
S: t f ! + j t I + ! t ! .,, t ') .. I ? 

M - N L i ! J <" i ' i ,LP l .Ji -icl 

GI iN! iNl !Ni· I· 
:::s .. _ ...... ---~-----+--------..,__.... --·---1----~---

..... ! ! N i I N i I ,N 
<&.. + + 1 * ! t I i ·t t t 1 t ·+, : ? .s. -· . t t 't + ·-r * ! ... i * ··. J ,,, ·t-, ·~·~--1-·-:;-

I N I I N. I I N . I . 

; ----·t· I ' N ' 'f N i · 1. N """t ? -;; * * l i l t 1 ~ • .'t t I . ? : I . t ~--· 
.·~·? ? ?1?1?!?. l? 1 ?1 
11J f · ! · I · ! • I I I • f · 
~ --1-----.. ---.. - .. -r--------r ! -·--- I ! t .. ----r----... -

a.. , ___ tt. ...... ····· ? .1 ......... ? ........ ~ ........ ?. ... -... i ....... ?. ..... +---·~--.... i--~---l ..... ? ___ :.i ....... ?... .. ~ 
?. ?. i ? l ? I ? 1 ? I ? ! ? I ? ! . l . l . ! . l . l . l . 

N - nor1&l 

t - incrtutd 

+ - d1cr1utd 

* - ,urther incr1u1d 

i _,......,., ......... 

~ - incrtutd tov•d nora&l 

~ - decrtutd \OVIP'd "°".~l 
• ~. #, • < 
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4.4. Algorithms 

The algorithms required ff> perlbrm ... 'fhe feat .stts• tistecf tlrtdtr Section 3.1 are 

straightforward variations of well known graph traversal techJlfgf:itS. J1!ey seem quite 
• , '' - ,- ''" ,_- ' "'•"'' .~ "'*"""-':.'~<'..-.. - ~.,...-.,.., .. ~,, .. w 

modest in coiriputation81 ~ ~··the ftlad'VCl1 unoonstrained nature '.of the data 
. ~ 

structure described'above. 

Compilation can be performed by ibstantfatina frames R>r each of ~e entities 
described by a model Tlte precise ftJ in wtilch:1htJ, is done Varies depending on the 

,, ' 

implementation. However, as noted in the ~seciton. tht • of stobils indexed by 
strings'iri MUMPS proyj<Jes descljptive P«>wer eCl\d~to suuaJra.and proi:ierty lists in 

LISP. In either implementation it would appeal ~ the cost 1s linear ·in both space and 
timeis. .· 

Simulation can be ~rtbrmed by breadth-jitst p~ of perturbations among 

param~!' follows: 
l. lnilialize: Set all parameter valt1t:5 to nonnal !!4, ~e .. su,t~.Qf,~l ~to 

activ~ · ·· ·~ . 

2. Obtain, Jrom the,user, .lhe ,penurbations to parameters and impaimaents of 
processes. Mark these accordingly and enter the perturb'ed ~te4 into a 
FlFO paramete,..qua#. · · , 

3. Propagate: If there are no parameters in the pg10meter-queue then sjop the 
simulation_. Else, for:! eadt p~r in ~ Jltl!tnlte,....,,,e add an •ve 
proceas·m~ at the lowest taxonomJC·teYet; lO a FIFO~~ If 
an .impaired process is· encoulitered thee intbrinc. the 'tusdr alid 5'0I> 1 the 
simulation. 

4. Flush the paramete,..queue. 

5. For each p!OCISl8 ta fM p~f/WW. if thi ~··tum non-'null 
quantitative-rules and its influencing-parameters all have non-null numeric 
values, then proceed numerically. Else ptOCeed qua/tlaliYely. 

'. ' ".,,··,· 

6. Flush the process-queue Go to pf0/11112/e. 

15rn the following d~ion all estimates of computational oost ~:with ~ to the number of entities 
described by a model, hence the number of nodes in the graph repraeAting iL 
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7. To p~e'4 numu~lt,: ,Ev~:·ead\.quantttativo: .. rukJIP(I mip. the resulting 
vafue to the parameter-influenced If the value is outside the ~ nmge 
then inform the user and stop the simulation. Else add the parameter-
influenced to the pammeter-queue. Return. ' 

8. To procefl:J quali.lflJJN/1: Ev.._. _. quaitatift· rut. ~Y ,appi,,_ the 
semantjqs Qf.the ~ifiq.l~eativ.ei...-)andi_.lldaetnwhioldR to 
the paramCter influeDced If this value is not <untnowo· men •add the 

I 

parameter-influenced to the paramele,..quew. Return. 

37 

This breadth·fi~t propaption of pt;~ ~~j~ ;,,~ in the .• worst 
ease, but, at any given taxonomic level. ~,~~1a,1~Ji~Kandlinl'.flotor 
(often 1), and hence only a handful of paths to be~ ~1~fbl~~ are.,P~ed as 

numeric'Values S> Jona at t!'ey: and ~uan~tam~~.!ff ~~f~~.~~ av~ When 
these are n6t available, proi)agation is continued on a qualitative basis. A trace is kept of the 

simulatlo~.an4,~·9f ·.W.X ~,.Juifpmltkl1•_.....,~.,.ifttlkating the 
influencing-process, and its influencing-parameters. wh_ich qaused .a p~te~ to ~ange 
value, ak>ng with the:~dtng quattdtiltfV~ni~.~~'. ;::,i;,. · ;•r.:A;n,,E~ ' •' . ple: "In 

;,}.i;;r: ....... · . . ::1::1 ··' .·1 "' -.~~ "' -~ 
step n, alveolar pC02 (the parameter-influenced) was increased by increased FIC02 (the 
influencing-parameter) through lower airways gas mixing (the influencing-process)." 

• > ••• :;; "' • ~ .. • :<:·fi -~~· ·~· > -c· 

Regar~ing ~plan~ •. the :~PtlQli 9.( ~ p~ and states is 
computationally straightforward and can bc·aaemptillbed:,-lilJtlllni twi l>llbwing sorts of 
templates: 

1. ~at is <puaineter>? 
~; ... 

<pruwneter) ·~ phpi_olog~ parameter, me,~~m~·lfti(units>. 
Its nomial values are <.lower limit> to <upper limit>, and its physiologic range is 
<lower limit> to <uppe"~' ·ltjs <f;:Hnioll~..._.,.in#lflst' 
clinical settings. Inc~d <parameter> is called <increased state>. Nonnal 

state><param~ter> is ~~~al ~<''~i.. ~~,~~~·~ 
.' ror·more llbu11rnu1UO Slee J'Cn;l'tnuiav. 

:-f;:, <': : : "'; d ', -~ ~ '",1 1. '"1' 

2. What is <procC3>? 
'_;, J .. .J ~:: F 

<p~> is a <descriptive-level-of-abstractioft> process. the <description>. It is 
a mechanism of <is-a-mechanism,-of>, and serves to <teleology>. It mediates the 
influence of <influencing-parameters> on <parameters-influenced>: lncreaing 
<parameter> [increases, decreases] <p~ter>, and. ,viC,e-versa. The. 

" ) ~ .!. ~ . ,. ; . 
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3. What is <state>? 

<state> is :a <deseriptiverlevet-of-~» !lblle dlanderi~ tiy' l(incread. 
normal. decreased}·(pamlneter)\''impaiNEI <~' rR>r more 'ittibrtn~ 
see <reinncea>. · · · · · · · 

Explanation of static relationships16 requires an algorithm to_ find a path fonned by 

. influence link& between two noCJes irt the directed grapb.rrep~thti a model. This requires 
O(n, time using the followingrilarkirtgalgoridun: ' .. '. . 

1. Initialize: Marie the ~o nod~ betw• which •path i$. to~ SQ~aht, each with 
its own name. Push these tWo nodes ontQ stack A. Create an CR)~ stack. B. 

t - .<'' • . ' ~ t ~ - - - . - ' l ' - -

3. For each ~e in ~k ~ (intl~na node)~ :exam~~~ to which.it.has 
an incoming or outg()tng' influence link (influebced node). . . . . . 

4. 

; Jff i:i'·r ~ ; 

a If the influenced node is not marked then .flUU"k. it with a list of names 
created;t')ly ~Ing its mhe ttttlie ~ c>t'the u1fluendng node. 
~ t.ke in~rontostack &· ' ' · · 

b. lf the influenced node is marked and if the first name in the mark lists of 
the influenced and influencing nodes are not equal,· theft a'tldt ha! been 
found The path is described by the concatenation of the mark list of the 
intlueaciag.node.O thcuevenal oftk·Mart·~ fftflu~ node. 

' ,_ ,, • ;t·;' -

~ ' . 

5. lnterdiange stacks A and& F.lush'stack B. Ge> to N!liltt· 

This procedure may be canied out one taxonom~ ~vel .atJt~ in order to provide 
!. • • ' ' ' ~ ,; 

increasingly detailed or increasingly abstract explanations. The limited integrity checking 

referred to in Section 3.1 also requires verification that a path ex• at- a given taxonomic 
level, between two nodes. It too can be perfonned using this same marking algorithm . 

. ' : ., ·- ' .: 

16 Answering the questions listed in Section 3.1 (What is directly inftuenced by, etc.). 
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4.5. Evaluation. T~ues 
t ~. ' - . i'· 

The preliminary ewlluaden of KBPMS,wa carriedt>Ut by the author in collaboration 

with the director of the "Matter and Energy" segment of the New Pathway wrriculum. The 

perfonnance of the final version of KBPMS and the contents of the respiratory model 
described in Section 4.2 were submitted for review, and subsequendy approved by him. 

The author prepared a syllabus of educational objectives. a homework exercise, and an 
evaluation quiz in respiratory physiology which were also reviewed and modified by the 

curriculum director. These are shown in Appendix IV. The quiz contained 8 questions 
which were equally divided into two different types. Type I questions (1, 3, S, and 7) were 

worded m as to be very similar to the qqestions which might be asked of the KBPMS 
I - ' 

program. Type II q\,leStioos (2, 4, 6, and 8) were worded to avoid any such similarity. 

In January 1986, during the regularly scheduled pulmonary physiology segment of the 

New Pathway curriculum, the students. were given the homework assignment A randomly 

selected half of the group was also given a diskette containing the KBPMS program and the 
respiratory model along with instructions on bow to install and use these on their HP-150 

microcomputers. These students were asked to use KBPMS u an educational resource, 
along with their textbooks, cl~ ~ and laboratory material, in completing the 
homework cmignment The students were not requested to hand in the homework and it 

· was never reviewed or graded. All the students were fully aware of the experiment in 

progrtS and their co-operation was solicited on an entirely voluntary basis. They were 
carefully infonned that the results of the experiment would in no way influence their own 

,,:':,.;~ .. ,, 

evaluation in the physiology course. 

Ten days after distributing the homework assignments to all students, and the 

diskettes to half of them, everyone was given the evaluation quiz and asked to do it at home 
without referring to any educational resourees (dosed·book, closed-computer). Their 

collaboration was, once spin, to be wholly voluntary. Following the quiz, the remaining 

half of the cla wu given KBPMS diskettes. On several diffenmt oocasions. all the students 
were encouraged to submit their evaluation of the program's pedagogic value. 

One month after the quizzes were handed out to the 24 students, 8 of them had been 

completed and returned. Of these, 5 came from the experimental group (those students with 
~ to KBPMS while doing the homework) and 3 came from the a>ntrol group (those 
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students who were given KBPMS only after the homework and quiz). In the same one 

month period, 9 students submitted their evaluations of KBPMS. 
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5. Results 

This chapter presents the results of the. KBPMS project."'~~.-~ .. AAt~q~rototype 
and final implementations of the intelligent physiologic modeling system as well • the 
outcomeoftheevaka~.uperimtin.., , · ;<?-:;v ' • 

' !t ;· 

_ , . , . y ~ , .11L: · :· .. 

The .Prototype of ~e in~llig~ot .·~~, ~PP.I ~ .w-' .. ~ted in 
MACLISP'f44) and ~ns oo aJ;>ar~).~ ~~ ;.,~~~q;,~ fQr Comptiter 

Science. The protOiype implement.Sall of the splcified design features ex•~~ 
physiologic processes. It ha. been fully debuged and tested using the model of respiratory 

ph~iology disctme(I in ,~U,on1_.f~:1 ,~i~ .... _. W>4'ilodle?,.8*tYIJC' provida 

_under.~.~d ~ tinJe.fQll~·MJ~ *<~-Tjaring;s&udies 
i~d~e;ate ~a\µte.~ty91'~qv~!;. ~ w~IMRipnlation.-:1 
output f~nn~~na., ~er .. ~ ~ .#Je, ~-:t~'ipf -zdle pqmn . 
ApproximatelY.. ~<?~ o_f rHP>:t~ipe_ p~;,..~ .to aJRSnlct and 
debug the prototype. 

' 

5.2. Thefi .... !PJP&,,--•wn 

The fiitaf-·Yersibrf 1t\f'KBPMs ~ ~ib DataTree PCiMUMPS/2.1 (Df-
. . t .. . . . '·, :;:~ ! •. ' :.. : , - .; ij; ·.' ~ , ' ' •• ; 

MUMPS)f4SJ and nlnr:owt tire NeW Path1'ilffHP1·15Cf~ters. lt itnJ>lements _all 
of tile ~·~ttesllft'~ ~ ~piW~f~)~~bee~' f~lly debu, ed. 
testelk ind~:wm\19i1 .,,,~;~ PadMY ~\.itWYfti'ta;fnlt'.o.Jrmodei'dio~-:m. 
·Appefldit fi'.·WhenlVnnMr~ ~ dl>Ms~u-id'lo-~<I ni~nd time 
for simulation and 3 to S second turnaround for·~~~~}firh\;g·~~i~dlcate ,that 

much of this overhead is attributable to graphics~related a>mputation and. like the 

prototype, reasoning components of the PfOllllD incur relatively modest computational 

cost18• Approximately three molilths of fuH time programming effort were required to 

complete the final version. Appe•dix II lists the instn.K.1ions for using the final version of 

KBPMS and Appendix Ill shows an interactive session which illustrates both its reasoning 

17It should be noted that MACUSP has extremely primitive string manipulalion~ilia, 

- 18oT;MUMJ>Sl)lnnin&Olll aM ffP.~ltaverrslowl1WIMls••••••'~riC ~·These are 
principally responsible for the long graphics~~ ·' r;1 '··· r:.:,•;·,;; ;' · · .:' • · 
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and graphics capabilities19• 

S.3. Evaluation Results 

As mentioned previously, all 24 New .,_., .._,_,. ·,a*ed to dG· the 

evaluation quiz on a voluntary basis and 8 of them ietumed the axnpleted quiz to their 

instructor. Of the 8 quizzes. S came from the ~llAWP ~.-),and 3 
came from the control group (no program accea). Table 5-1 summarizes the quiz scores for 

the two groups; The'fttW dibisp~d in Ap~-v~·T~ Iq~:$ those w~ich 
were Worded' to res'c!mbfe' RBPMS;Type1ir qu~ i~ ~~ ~hidi ·~ere wordec;t to be 

. .. , - ~ ! r ,· • ~: '. 1'~ -, "' 1 " . ;.·-• . ' ·' · ' • ~ ' 

dissknilat to it. ' . ) ' ' , ' 

The resul~ .shown itt Tete 5--l indttate" that thi 1~i~rime11tal ···'group ScorCd very 

slighdyhigller than Jtfle.'COlltft)l lfOUP· o~nm.·thw ~libUts tor tYP=. rr q~estions 
· considen=d alone. but ts ievet.a fbtTypel~'~1~. ~ ~ifs1are 
not Statistically signifialM~of the vtrfimatfdi~;iM sait\p' ~ze. ~y, no 
infereACeS as to me J)edaAiC;valiod!CBPMS'aia}t1tie:dn.wn trtittfilii data' · ' · 

"~\.':'(.; 

As indicated previously, there was a wide variety of reactions to KBPMS among the 9 

students who submitted their evaluations of it Some••Wtat1W~\tais an· dnnecessarily 
:. ·~l~borate way l9 teach very sirnp~ ~Pt.\.Pf~ ~~~-"~-~tred was far 

tOO advanced, or miBht be .. ~i~~~ QllJf f!S, ~. ~.,,v,p;~,_"'~~ ~teaming 
resou~ 'There were ,seve~ ~l'V~; ~.,~ ~ ifMf~,~~·in !this 
spectrum of~pinio,ns. Ap~)T'~~ ~,:of~~ ~_,..bwhieh;wore 
representa~ve of ~- e~tr~~- 8$ well .. ~ -~ ~ 1~'.;~,,,,_; no uniform 
consensus among the studen~· w.iJ,iion& . ' . 

• • ' ' ~ < 

. 19unto~,Y. ~vep#.,~t ,,._,. JUdJ ·• the·ua:Ofdle •bdf 1181itiff screen fOr ·interaCtive 
graphics are not amenable to presentation in ~ · · ·" · : 
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(all scores are X) 

Question Type 
--------

1 I 

2 II 

3 I 

4 II 

6 I 

8 II 

7 I 

8 II 

: All Type I Questions 

All Type II Questions 

All Questions 

Experimental 
------------

(n•6) 
mean 

76 

66 

76 

90 

80 

74 

90 

72 

80 

76 

78 

s.d. 

24 

42 

18 

10 

27 

37 

7 

23 

20 

30 

25 

Control 
------------

(n•3) 
••n 

93 

43 

67 

97 

77 

100 

93 

40 

83 

70 

78 

s.d. 

12 

40 

29 

8 

26 

0 

6 

35 

21 

37 

30 

Taltle S-1: Summary of Quiz Scores 

> 
43 

Both 
------------

(n•8) 
•an s.d. 

83 21 

58 40 

72 21 

93 9 

79 26 

84 31 

91 8 

60 30 

81 20 

73 32 

77 27 
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6~ Discussion 

This chapter bogQ by. describing ·IOIM of Jh& .fit.Falaths and ,weakaesses of the 

methods used in oon~ng K.BPM~ ~<l~ir !ff°~9«1 ~ D~~ 1llis iJ~lowecl by 
a d~ of the outcome -Of-the evaluatimJ, ~ ~a~~ <f J)osible 

, . - . , 1 1 ·:·_r .'~1'l';·. ·\) . .. f!t'";i·q_J ". •.;~ ~1.J -·-,·'-- ~ 

ditectiorts for ft!W.re.wort ~·~ 4\is1~·The.,.,.coacludea bJ:4isolaing 
some ~fthe ~~~~lkatiOn's'ott11iS·1'oft. , ·· · · · r. · ' 

• : • ; . . • " ~ :·~ ;'~ <--. • ,. - .J -· r 

6.1. The Stren&thS of KBPMS 

The principal advantage of the representational system employed by KBPMS is that 

the taxonomy based on proceRS' levels of abstraction allows for explicit oontrol of the 
depth at which reasoning for simulation and explanation takes place. This potential bas 
been fruitfully exploited in the explanation section of KBPMS. This is illustrated by Figure 

6-1 which shows a question being answered at several different levels of detail20• However, 
'. -nie potelltfal power ot" the 'knowledge representltiOO"it8S;;t't;;~ fuily ,,~;J;i~i;d' ~ ~flis 
.· regard by the simulation section. KBPMS.·1~e some of Us predeceaors (eg. NEPHROS 

(40D. perfonns simulation by the propagiWon..of fJCltµrbations at only the most detaiied 
-· ........... _ 

taxonomic level. 

The ... major advantaJC: of the simulatim;Jlgorithm used in KBPMSLJB jts ability to .. , .. ., -. ,. ,, 

combine numefi9·an.d·qualita&ive values. As shown by the simulation in Figure 6-2, nu~ 
> i \ . • 

values are used wh.-vettlley-tN available and appropriate. with qualitative val_ues being 
used odl~., i'hrs ·8pproacli1s ~..wi~ ... clinical and teaching practice w~n 
only incomplete numeric data is availab".as in • ~-world situations. 

Another strength of KBPMS is its repres4mtation of physiologic entities as havibg 

meaningful internal structure. The examination of~ internal structure is the ba.1is of tJte 
' ::: 

program's explanation capabilities. The rieed for sound explanations bmed on physio~ic 

r>ffneipksimi>eenone-ofttnrdriring·fotcerhlreeenrM~l~ B ~"iii'settioo 
2.2. Certainly the importance of explanations cannot be overlooked in a teaching setting. 

The simulation and explanation algorithms described in Section 4.4 have been quite 

20 An interesting related point is Whether the strategy of generating such explanations in a top-down manner 
(most abstract explanation first). as dooc by KBPMS, is indeed pedagogic:aUy preferable to the inverse strategy. 



CHAPTER6 

Figure 6-1: A Que&ion Being Answered at Several Different Levels of Detail 

Q: What Ot'ec:tl:y influel'cM 'COi •aic4'9tlfln ·Ht•' (VCot) ·t 

' Ai Tl\lis questictn iltly lft1 1111wered at to~'~· cti'ire~;rilte~els of detail. At th• 
mo,st abstr;a,ct l.t~._,1, c~ ucr.it,tt."l.t.t:.rt• d.lteat't~ :ii.n-..ceCI bf 'MtettcJ11c 
C02 production rate through ~~O~ el_im,,1n~tiC1•·>.A~ .. ~.)~rt,)f~,t-j11"f: l~"~· ~; , ·~~rt*1•• rtta>f.a: d't:l'•tOt ;1 .. nutiM-*Vtif lPurt'•'t~1'Cbt"tflrdtt~ff re~pfratory 
control or pC02. At an even 110re )~~~:1,l!~,}."-"h-:JS~~UtJHt.ateda ; .· 
directly influenced by respirato'r'y ·rate and tidal volu•t through pulmonary gas 
exchange. At an even more detailed level, C02 excretion rate is directly 
influenced by alveolar pCOZ and alveolocap11 lary"'.~Ql'fA1J~ys1R8 r•it)\tlrouglt 
alveolocapillary diffusion. · ~.,r. · ' ': · ' · 

~·· : 

, . 
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Figure 6-il: A Simulation Showing'Mtiect~umetiC and'QuaHlative Capabilitk$ 
.. -, . ,... '(' ~ .:·~~~i'~ ~~'.-lJ /.-, .. ~(: :7:!1, i . .. ··1 ' . ~ 

In step t; dead s-pac-t•HO Ml '(increased), respiratory rate•20 breaths p,er min 
{increased) [it. tt,J9ffPftH] Pit Udal vofu.-93R.Jfll· fd~esed) its spft1t1•d 

·by the user. ,. . . . . ; . . , , . 
ln st., 2. bulk 911) new -~•i'tff 1t .. ~fono-.ft191 1Wftu.nce: VA~R~•(VT-VO) •.. 
Since resp1 ratory rate•20 brtatfts per min (increased) •. ~dal ;volWH,s360 al 
(decreased) and dead space•250 ml (increased), therefore alveolar 
vent11ation•2000 ml per min (decreased) (it. alveolar hypoventilat1on]. 
In step 3. alveolar pCQ~ 1s J.n.qi~nd, -~·;~9f,"f~ •••••r ~Ul1t1on (2000 
ml p..- 1111n) ·tltrout"• 1owi'r' drway' gaa"itfxf•t· '· · 
1(,1,.step 4, COl ~x,.:r~!!oat~·'"~~~L••:~_..,,1allllfTWtvi4l; t>COt h ·increaswci [te. 
hyparcapnea] by incr•as.•d al.~eola~ P.~?2 .t.~r,o~gf! 11v.~JR.~AO,lll•ry,~it,fua1,o~~ 

.In step 5. rHp1r..UorJ'NY ifi'· tuMNtr ttrert•tN tfi·.· ntliltnU'd hJptrpnea] and 
.tidal vol':"".•, 1s .1ncrt•se~. to••.r4 n~~J;~ 1p,c~'•t~~1•l.1'.@2 tttf"Gutll tfte 
flledul 1 ary clt••retl ex. · · . 
In step 6, alv.oler vQ-t11U:i1M ,ii .tnCl"IMUlf:•·tdHfi• moF[t-e. dttltints'Wff · · 
a lveo tar hypovent 1lat1o"] by 1 ncr1111d r••~ i r1\or1 ra.i.. Mid, incre,•s-.ca ttol · 
volume tntoug"1·t1uRt• ga·iftow, ·· · · :' 1 

i "'' • ·' 

In step 7, alveolar pC02 1s decreased toward nor11a1 by increased. aht01'ar 
ventilation through lower airway gas m1x1ng. 
In step 8, C02 excretion rate 1s increased toward nor1111 Hd arterial pC02 1s 

_decreasad ~ow~r_d n,C?rnta~, [1.• .. ,d~f!l.1n~ah~.~r~~•lt~ ~...,_,,.. atvalar 
pC~· tftrotrgh alnoloc1jSfl laryi.iiffruaion. 

I <i ·.: 
-1- -...... ¥ YT 

RR + ~ -,·- - -1-, I I 
·-------t--·--l---~~--1--..,....,......,~-1---:-::--~----:--t 

i 
l>'C02 

'· 
YD - + -i 

I 
- ... -t t. 

YC02 

YA 

pAC02 

1 i . :9 
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efficient in practice. The reasoning features of both the-.preliminary and final versions of 

KBPMS h.ave incu . .fl!Cd ·on.ly ~ .~ .ets reiacive· to far mort> mundane 

features of the programs. such as ~n$. trut.Q!R~ '8d. &Jl'Ph~ ~vely. Thi$ would 
tend to ~firm tho ••suition ,that: KIPM8. 1s .SUkabte rar ~modttiha severar ove~Rinl 

":.· . ".'-' 

aspects ofhugian J>!lysiology, eadtQfwhicbm,ial)tP,.,•$c _. orderof,mqniWde as.the 

present respiratory model 

An advantaae which is clOsely relatep )0 •. '~ is .. Qle si~le overall ~re of 
the modeling ·system. This has permitted its·i~mitfl *1dam programming 

. ' . . .; ~ i "i h - ·J " { ,., ;fu1 ,~ : ;·;c ', . '< ' ~, . ' 1 
,. -. ; 

technology (ie; an im~rative, ~ JiqralllQni~ lanpap; ·Withc>ut specific list 
.p~g -ilities)" followiilg' ··its kritial'; ~nt an~ 'itf~.iit ~ a USP 

en14ronment This js an im~coaeidlration in Wlw of•thtrrescAtree·and c0m~tiblHty 
- • . •. j--f • '"\ I \; - ~ fJ t • f "i • '• • 

constraints imposed ·by the riticrocomputer ·setting ii\ wlaichrthe ,program was tll:be 
ultimat.ely used. · 

Other advamages of the intelligent ~· .·System·: include its ability .. to 

accommodate synonyms and its friendly user interface which incorporates interactive 
graphi~ Together, these features gready enhance the flexibility which seems particularly 
,suited· to ·a leami11gp environment 'Tbe syllotiyms· are'llSO appropriate 't()' the task pf 

., • .- -·-· ,., "f'"''"· . 

,;rvpcabulary building which was proposed ~ one of tt,e softw~ modu!~ for the NeYi 
;·;if:tHWay (fablel-2. page:6). - ·-· ~· · · - ·. 

~.2. The Weaknesses .of KBPMS 

The most fundamental ~. of KflPMS is. iis .Jl'(liS simplification of real 
physlology. This sim;IlficatiOn is manifest in several ditfeftmt ways. M~t inwortant is that 

the conceptual framework of ~ters. p~;_- 'and, - ~ su~tially 
insufficient tO capture tfie fUU riChness of this domain. Thus KBPMS has no expli<.it 

description o£.mte limited ..J>l'®C~. <U15MUity thmsbolds.. panaffehnechanisms. interaction 
of primary and sec;ondal:y inBuences, and m&ny-Qthet,Jmportant physiologic concep.ts. The 

~.- ··,.,"-,-... -~ :• '• ' 

program W.SO lacks .8: coherent notiog ~ Qf such JllUCCSS.t$ as. _diffusion. bulk flow, antt 
electromotive ion· transport which are a more fundarhental apea of physiology than th,e 

body-system-specific models which it ~ipulates.~.an; Qfl~istically restricted tD 
> E -•, .•• "'"'' < '• \ 

the binary status of active or impaired, and cannot represent the typically partial or altered 

functionality $80clated with most pathological conditions. 
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SjfllpU~:.ia:allO a liability in botlt:9e, 4Ulttdtlitrle'and 'Qttafitatlve simulation 

1,11~,e ... odbr, 1'BlM&·~, ~;~[-ptrm~ 'On only die static 

valu~ ¢ lM't•eters.'. lllCi:1h~:~1~1ifiiCks i91e:jftJR ~ve P<>wer of a 

difl'ei;e1_1tiaf .-<m:aaofiet .1~alitaMe'·..-.1111;Di ~1t61he' apJJlkation 'or two 

, opc:~madt&_. ....... vlllllls.·rfunlfirr•t•pare 'tie~ drtbese \rafues blur 

.tpe disQl\CUou·betwt=e•Mae:..pitucte.~ or~:~Qfd\*1ge, &nd·~·­
history of a parameter. Temporal relationships beyond simple ordering are entirely 

ignored. 

States are also greatly simplified and allow for the description of only a single 

perturbed parameter or a single impaired process. In reality, a pathological state such as 

adult respiratory disttea 1yndrome is ~ated with a large number of such perturbations 

and impairmems. 

The limitation of carrying out simulation at only the most detailed taxonomic level 

was referred to in the previous section. A consequence of this is the program's 

inappropriate response to the impairment of processes which are at a more abstract level. 

For ~xample. if the p~ of C02 elimination shown in Figure 4-4 (page 23) was impaired 

but the other p~ shown in the Figure were active, simulation would proceed 

. l unaffected by the impairment A ~ible remedy would be to propagate all impairments 

through to the leaves of their taxonomic trees. However. in this example. as in most 

situations. this would merely cause simulation to stop altogether as all pertinent processes 

would be impaired. 

Another weaknea of the process taxonomy is that it is not really strict A low level 

process such as diffusion is a oommon mechanism of several more abstract ones. The desire 
to maintain a strict taxonomy necasitates the onewhat contrived definition of tmue 
capillary co2 diffusion, alveolocapillary diffusion, and lower airways gas mixing as distinct 

entities (processes). Clearly. each of these is fundamentally the same physical phenomenon. 

but that knowledge is not encoded in either KBPMS or the respiratory model 

A specif1e weakness of the present respiratory modeL which is not an inherent 

limitation of KBPMS, is the lack of separate descriptions of the arterial. capillary. and 

venous portions of the systemic and pulmonary hematogenous circulations. The current 

respiratory model implicitly assumes that C02 is exchanged between the alveoli and the 
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systemic arte~ Thi& siplplij)ins, ....,ptien .leack ~>~1-iff sfmulation. 

For eJCarr1pJe. if one st.ans ~ ~~;by ifacNadsg ~flfAiiti «Oi-~ffi ~~a in 

Figure 6-~., ~ .~ p~ ~ dtat·:•eolar~tJC0:1(pMiD2,1•:~ in':*P 6. 
&ch infe~ Dllde-fNpl-. t19-.e.p~ds:~161t tlfetwsUft!it>M. llfie ~l is 
incomp)~ ~ ~:/IJ·~.,--....,,~:;QI _. .. Hfil•'.>itedm in 

pulmonary ~· aia4·. ~. w-. *<>.llki;: ... '.--~---vetJlil~ memas 
pAC0

2
• " ,, · .J'• : .r · 

: ' 

,,' t 

· . .,-
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FllJlfe.6·3:,. An Incqrr~t SimplaSion 
' , ' -

In step 1, metabolic C02 produ~.t ion rf,t.t 1s inGr.•asad AS 1p1c:ltied b.J the 
' ' • • ' ; - > • } ' _- .~ ' • user. · 

In step 2, c~i1Jar1· pC02 i.s i¥r•~~d· tai itte:tta11ch•tuoltc CG2, ;treductfoa 
rate through t1nue.:.cap111ary C02 d1ft"~1on, . 

, I• ltap 3, arl.W'!l_,t 11Q>t· "IS ta~ ... [i•··· ftYpertalf11ea°]''bY increased cap111ary 
pC02 through circulatory flow. . . , , ~, , 
In. •tap 4, resptr8tof'y 1"ate 1s fncrealitd (ie. hyperp1tea] and tidal volume 1s 
increased by 1ncrHn~. uta,r1al. pCQ.Z Mt~utfr-. th.•~lll!td\Jl tery: tlt8'11Gr•t1•x. 
Ilf step 5. alveolar ventilation is 1n~r~a~td (ie."".•~~,,~~~~· hyJJ~Y"(!tilat~Grt] 
b,y incre111ed rar,1utory rate 'Dd .itfelfiitHW tffa1 •-ntuu through bulk 911 

f 1 ow. . . . . . , . . , , , . ; : ~ i " .. ' 1\ . 
ltt 1t•P 8. alYecthr Stc02 ts· decreased by inc:·reased alveolar ve.nt11at1on 
through lower air.-.1 ~· 11!1.x'lnt •. ·. ''·. kr. ·· 
In step 7. C02 excretion rate. is inct,,aa~d an~ •-~~~~1.~J 1 ApC02 h de~reaaed . 

. to~d norJ1tal :[1a .. d1•1nhh•d 'YPerc.,....}by'decrt'IHlt alveolar pC02 through 
alvaolocapillary dirtust«?n. . ... , . ·· ..... ;· i.~. '~ rt'..:: .. · 
In· st•P. I; rnp1tat'o'ry rite is decreased toward nor1111 [it. d1~1n.1~hed 
hyperpnea] and tidal vol11nte is decreased toward norlllitlit'~ecr-....d arterial 
pC02 through the medullar1 chemorerlex. 
In step 9, alveolar ventilation is decreased toward nor11tal [11. diminished 
a1veolar •1,perv1nttJ,~toaJ.,,~1;:ft4r••*·••'-1t'.4&or1•1'1t• *"d90f'9a'sd tidal 

· volume through bulk g11 flow. . . .· 
, In stAP, ;10. ah:eolar pe-02 1s tocfeMff, totra+d lkJru1· 1'1 \tecrtlsed aTveolar · 
ventilation through 1,ower tir•4*: gas ~Jttog. 

VT 

RR 

coa prod 

VC02 

- -i...,.. .. ... ... - ... '-,,::i,t 4. f; '\.~ ''*f .... ·--' : ·:... -
.• - .... - .... .i-....~--.. ..l.·····---l..---1------L---i.. . I -J.. ___ ,...,_':"' .. ,...._.,. 

! I I i I I ' . 

c~ pC02 . -1.. ... 't "'9;.f?T' ,_..i"!'f"i' 
I ·r i • . ............ _ .................................. , __ .__ __ ......._ ________ .,....., 
I l l• _. 

VA -·-+-+·--· ... ,_ ........ -~ ........... '""""~•1-A+i ......... ~..,......,.~~ ....... -.+-·--~+---1 
pAC02 
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6.3. The Evaluation Experimeat 

Many of the above strengths and weakn~ or KBPMS were suspected at the star:t of · 
this project 1.,egs. well understdod: and thereroie of 'Breater 'inieresl,; we:.C their potential 

ramifications for the pRllfanl?t utility-as a•felmlnl ~ ti*1f6it(a~fy, even;mJati¥~ to 
. ·: "~, ;; ,,·,, ., :· :. .. I .J 'P;'.;·~~_,t. 

the modest objectiv~ QUtliucdJn Se.cUon.J.3. die~ .,...... lttUSt be considered 
·' .. . ' , .. -- • ' ~ ... _ . '. ,~···':: ~- ! ~;_ : .i,_ .. ~ ; ; - _, • ••. • 

unsuccessful. The meager data wh1ell were ~ ... ~ ,~ any sPl>stantive 
conclusiQns reguding, ~ propl.o•s ~ val~e.' •l'M .most ofMQu$ reason f()r tbis.~k 

' - ' i ' ~ :-; '""''.)' ! ('· l. ~ ~:. z ~ -~: , : ~-~ - :)Q 1 ' ' ' -- '. 

of succe~:\¥u the small pumber qfN'ew~~ihway,sc.ude.nts who.,...tie<I ;with the request 

for voluntary particivation .!~ ~e hOO}e~~,,.e,&~~ .~.~,Thia .fJQll)Cwhat 

uncharacteristic lack of enthusiasm was, in tum, tho ~eflce drsever.at ·c&tinct bl~ 
' ·, ~· ··- ·: -~ . . -... : ... -~ i~'.~_i -. :""''' >· ~i':;. 

One· a.use .was a seve~ qow<(an& of .the· ~· .... k$ jusl.when,tftis.exparimant was 
, . . •• . . .. " f, ,. . . . I 

underway. Even given that m,edical students ~ chJ.l?llicall}! 'Oyqo~~(l. they w~ nauch 
busier than uSIJCll at thla time. · · · . 

A second reason for .. the s&udena'·· 11nendtustaiQ ~ wa· the·:lack of adv-.ce 
~..: .;) ' ·.' ·. '~ .: . : ' ~ .· . ,, 

notice given t<? all . conce1;11ed rcaatdiA&: KBPMS :Md,, the, ..iuation expefimeftt 1lle 
program and e~aluation instruments were' first sutJtblttba to 'the fumclJium difector six 

weeks before the start of the ~i~ p~rsioloJl .. ~~,. J!l J~~ aJ.cad'."dnx.~n 
excess of six months woulc:t have been far rnoie~ appiOpf'.ialtk-TIHs-woukl have allowed 

-KBPMS and the ·evaruaoon experiment tO ~ perc0fa?e1tlff00gtl ·aoo ~, niodtfied by vari<>*s 

curricuJum and,~epartmerHal ~. thus bec!s1Wn&JL.full¥·.~part of.die New 
Pathway. Instead, both·KBPMS._and the~~ah1a~ e~t were regarded by ~e facul4)' 
as last minute21• Od hof. 3dd-o~s. They were presen~ fQ fhe.Jiu~(S·a., sUai. arid itl' view 
of the students', already hedic .. scbedu(C,: 'tllCir . uJtilniiie-.. .... seems aftogdlor 

appropn• 

Another diSincentfve to Widespread use of KBPMS by the New Pathway students was 

an operating system bug ~ inkiaHY:fN:ew;tlt§c.t ~ offJ1em.immJoading the pqraril 
. . 

Qnto their microcomputeJS. However, the most important i;asons for the poor stu~ 

~sponse were likely.relatedto.lbe prevfooslyindiCated.~~ .. Qf.l<)JPMS itie1t: to it$ 
slow response· qmes on. the HP-ISO, ~d-~-~e o~;,..; si1111>listic aature of the respiratort 
model. Because of these and because KBPMS had not been fully integrated into their 

~ - • ....,. ·•· ·V-r' • • ~~ . ,• ,.,,,.._.1:1.» ,.~· "'· ,.,,.: ···v·~ ...... <.."''!;,.~--~- ,.,., ~; ·.• ,. • • •< .fo· ' 

2110 fact. the program wn distributed to ·the students just ... they· comglcted their study of pulmonary 
physiology and moved on ID the renal segment of the oourse. 

---- ---~-----
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currictllum, ~ ~ did not ,._dJt~• suffi:iendJ11ttle-* tO ·dk;ir ·i~ 

learning ~Jo~;~~ ;~··Qtoclastdnv•neat o£*9le aid dbrt"~IP&·Mlf an 
. hour) ~l!irq4~ ~·~laatt1tlintechyithta11111.·flt1dll.._ •dcbitedtebOratOry­
type exeftise,w~,m .. ,•, "lefj,OJ1u•--~'1dM~~eapabilitres was 
not pro'li.ded22• Overall, ~fficient attention was paid to the pedagogic and student 

interface issues relating to KBPMS. The failure of this...,...dplftraarat~Jthe 

importance of these &ues and suggests Uaat they merit ~· ~~Jn future 
WOrftOffhist.'Yt*. "i ' .. ,;:·,'.;F::i:'.'r;·, '''i;':,~ i\.ff,'i·:!.l/Y l .• 't•»·· ., .. ''' . 

. Yet ~r lilllit.adoP of6isbtteasused«ldtatdmH1•11fJtifay in'tftenatt1reofthe 
- . outcome.1Jeing>mea111Nd.1'1e IOiiftoftl\ei~ Mwwl-~(· .:~~;6f$itudes. 

skit!s.Md ~ wbti1 mW.t'«\~IP ~·iili'a ~'8=~ The rote 
of information technology in the New Pathway is to provide RS>Urces to facilitate such 
lifeJons. loafllJ"8aind co mm.( .. ~__,.._,..-..ur.tMlthid~~ 1to evaluate 
such SD eftblt·byMe ...... lllt1~·.1~ ... - ' .:. 'C~ ;.·u.~~:~ after 

using a shRtt1atiod p~ ~i~·tirrevlatit t*·i\feil~~ .. ~_;:,'_. ' . 1 
_· ~~~~ entire 

enterprise. An alternative outlook on evaluation might have been be to consider the 
mod~ng,9steQl •a ..U .,,........ ' · · · · ',. · ' ·JtlSufts will 

not beknGnbmlHtf1arfurtWei~t~New-~f ttiC1 
., i~ and 

if stud~tittd'ft.Ctiltf ~ tb~~'i.~':1£_rnfJI :r21 t~-Y.ufr( .. ""'}''" in 
'-''. ': ·'·.;'•.''..;'.:' '< ::.':::. "\' · .• ·,d~•-•H .. ~--J~•n. &.~.~-·,~.·~a 

;:~· <>>~,,. ~~r~~~~f f:··.,,~r;.l~ .. ,, 

22rhe homework assignment shown in Appendix IV was much IOo general fOr this purpo& 

ZJ As.wming standard deviations of lC)CI, a difference of lit. in mean S001a would have been required for 
p<O.l, and a difference of 2°" would have been required lbr p<0.01, usina a one tailed t-test. 
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use.and developmen~: theat'sucb. modelint wilJ·have !Jfien:tfemottstfuted to be a useful 

.i•: ~·l~ aid, and vk:e-:vasa.·.Howeva\tbi•.ta\tAM"OUY<x* ~·ttot~ an effective 
. ~pt'~ prdininary props.uonriUlftli~·~ 'P.; :Evide'ndy, the 
meaningful evaluatitlltof'. dtir typcof';projoct;~ I very>SulitilitiM thalreftP. · 

> • ' ' -

Viewed· from a s0mewhat ~re optimiStic PersPective, the outcome.of the evaluation 
·-·· 1-, 

experiment supports the cmertion that KBPMS is at least potentially exploitable as a 

learning resourc~ an~ Cl'<>ng !.~th the.,RrececU,RJJ~:~fi the:J?~'.s strengths and 
weakn~ suggests .the following 9irections. fQ( m~ ~.;. . 

\ ,: . - _,: : : \ ; ~ ~ ' ; . . -. ! ~ ' 1 , , : ' . - ~ l' . 

•~meat w the mspimtory,.add1t&Linelude ~ -Oeacrlpttbns 6f the 
3:fteri~l xeJK>,~:~<tQlPM~ ~or•sr~~~~~ 
It' aJSo. see~· ~~~~~- tQ ~-r~~iQn;1~ p01 11&.'11~ .~ eome 
pertinent~ ur illCIO"'ba·mc:uw0mm. 

• Repetjtioq of a~ e~ oxperilp• with 1•>kJAier;tirntt-span, better 
student in~~r.f~. rn~~~ apd. ~r c;o~,)Yi~ ••le AJembm:of 
tile New·Pathway fac0ftY: Evaluation of$~~~ .in a dj(f~n;n.t ~al 
setting would also be orlnterest · · · · '•~ ,. · 

_ • ~v~lopment ofawi~ module co facilkate ttte C0Mtnicdon of models of 
other, ~ oCQ~· ~ 1,be-~ .ofl se..i, suqr models. 
Cardiov~fu.. ~n~ and, endocri~~ pbysi<J~, '11.~~· :Well.su*d,fbr ~is 
p11rpose. " ' , .. " . . ' .. . . . 

'. '." 

• Thc;re, ,~:Pf~~ ~ 1PE*ftlially ~nnOU$ amotmt of wort ··which might be 
?one to ~vapce~ f~ers of °"'''~!Jit);to,~ ,~_,'.modeit and 
simulate physical e\repts in acco~ ~~ ~, ~u1~y ~ W~}laf:l~ly, 
aseribct, lo'·. tlfCtlK 'Ufttlftatety, itfls'' miaftf 1ea<f ~ . ·aeveJOPment., Of more 
powerful techniques upon which one might build a more intelligent physiologic 
modeling system. · 
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6.5. Noa-Technial Im,aeatiHS,Gf:tMJ Projftt · 

This Project ha attempted to apply ~)ju~ ~ajq~es,an~ l'.QSOUl'CCS tQ the 
- . . .:~-.-- "· .-~~ - . ;~.;~·~:··~ .; ~. •. ·-. '"- . 

goal ofadVancMk·'riie~ ~u~ wi~i·d:,~;:~'i?if~ ~ar4. New f>a:thway. 
Although this' wort has been both pre!imin&ry ~ firn~ ~ ~· it ~ ~ord1while to 

. . . . . ; ~ ... "\ . . '. ; ·. ~ ... - "::~" . ~ . ', _ • , : ~! t ~:r 1- ;'l:J R. .' .! , ..... l . r • J 

consider oorrie poleritial imptbtiom or the ~.,O,, wftich we Jlfve ~ t<> ~' The 
. . "'· .. ;_, ''. ·' -~~} .. , . '. -. ',~- ;,; : f, -·;-~~~ :t:'J~jj::) ·. _] -·~-~,; ;- "·" -~.: ~·< .· . 

philosOphf and obje'cttvts . or the New Pathway were ~ in Ch,apter 1. Might 
- - . ·• __ ', ·.:~ :.-~ ;- .. ·)~ ,'· ~ .. -~: ·~~··_,:·"1/.~(o[ :)rtj ,.'~J:1~~':f~ p4 ,·;_iii'·,. 1' 

KBPM!'(~r· Its stl~) }TPinge on th~ J>hi~~Y<'.·~{,~~, oJ>~~v,es beyopd the 

immcdiate·tech~ical. ~·~·~~the work·~1~ It w~1•1~,·¥'~ll~~t pJlysio~ic 
modeling his severlJ ·martroader irnplicatioils and that at least the following two are 

directly pertinent 19 this dlesis.. , v · : · 

One n(?n-techntc~t impficado1t. of ~is·~ - ~,~,New Paehway•s objective 

of teachina fttadamtatal aui&u~ ·skilfi. .,~ ~~;}'.~}~d~J ~s as a 
medical edllcltion ' . ' ' w. 're . .......,.,.;;.,...... . ' 4 

• . ......... blo-'-1 ..... of,-"- . logic 
·.. . .resQ:Uf'W ,ea •,.~ $Q;JIWS'·•~ . ,.....up ~}'SIO 

medianiSms. but 'a1so· tlM attieude dial thell-~w~ ifft(fimfaM~tally 'Important 

aspect of medicine. This attitude is certainly concordant with the reductionist traditions of 
modem biomedical deft<:e.,~bUt a.~~~Jbf dit ~YS1-of the' N~ Pathway 

(8) and ·9y the authols df 9* GP!P' Re'p6tf T'f. ilrtfting·~te!f lritd\a111$ths ls tfu't one uPect 
of generaL :medical' echiCalim. · P« :'ex~5i elf~ f~~~enil«>n. · · intetven~n. and 

/ rehabititatiOll for relPirarorY ~· <tepeftdt· notit:On1yLd){'\lt'~son of mt'Chanistic 

· wuias~ndin3.ofpulmoftldY•physiol)8Y:1ttnth 'theipY~~~ Motre1 migbt'~ter, but 
also on insight into the epidemiologic. &>ciologic, and behavioonlr- orsiiCh thinp'as 
cigarette smoking. occupational exposure to particulate toxins. and airborne c;nvironmental 
polkatiint& Of ooufti' wi ~ of ~nrorri~~.>r-: C>t

1without. the aid of 
•. , · ~- ·: -,..-.,; ~-' ,_ .• !~ .• - t.t. •o;l'< .• <f '.._, ' ' ' ;'': ' , ": 

KBPMS~ in no way·,,ecR.df:S · ~ dt ePtcfetriio~.0SOciolOgic, or behavioural 
aspeasof'medicine: bhd111eSesnbj«Uttate eb·~ gtVei.a'pfbm-;ihe'New Pitl.:~iy as 
well at in many ttadlddnal tnidfcat aMicll1a:··~~l~Jft 1•· ;~ruCl~t to ~ize 
that this project has emphamzed and reinforced but a single narrow ~ of medical 

education and has entirely ignored many other, equally important. aspects of this diverse 

process. 

2410 fact. the current primacy of the mechanistic, reductionist, and rationalist viewpoint in medicine has been 
challenged from several different quarters ("6. 47, 48, 49, SO, St, S21 but a detailed consideration of this debate is 
beyond the scope of the present discussion. 
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Another non-technical implication of U.81'.Wort. omittlBlcthe app~ of 

computational metapho~i for ~hysio~k, ,(living): e."titi~'. Th~ ~~CS. ~•l•~ states. 
and steps described in.section 4.1 are, a'simple e~~~ ~f ~~>~·\qm~t3fld 00e whose 
limitatiotls are ieadily apparent The dlematic qf Hlift1~N D~l.,wn .~ f~ ~l;J (paae 
11) represents.a more erab6rate exa1111>le ~f sudi,~, ~~~:,,.~~.~~~-,~~. mjght 
metaJ}hors of this mrt be extended? Ouyton's Te~ q( M~ Pb~,1.q)., 90e of 

·~- J' <'1;J! ·, ___ .:~ . - . ·,..·.,... _.· ·:r.. ~-J .. ,-.) • ~--.·-l;:· -~ • .. _·.. .· \ · - ·-

the references upon wft~ll the .-espirjtpry rno4el ~: iff; ~u~ ,-as ~ a,tggests 
that computational metaphors Qf human life ~ ai>Pt~ \YilJlQut limit. ~ this current 

. ' - '•r,. , . , ,' . "' . ,1., I> .. : ' . . ., . , 

international standard medieal' text. GuytOO introd~ llis ~JS ~.tll~ir tQpic as foQows: 
: ":: ' ; . _.,_ ·r-_ ~ . .": ': . f. '?,,, -~1 " ,:'' : ; 

"Human PhflloloaJ. In human physiology we at&empt to ~lin'1fte chembl ttactioas that 
occur in ~ cells, the transmission of nerve impulaes ftom one part of the body to another. 
contraction of the muscles, reproduclion. and ~. ~ ~ .~ Ql'.,~.et li&ht 
CllC(fY mto chlMICal~ 16e. dte#ei. ~111 ... qa 'ib-W tlt"WOdcr. ·1ne wry fact that 
we~ aliv~ is alDlcJst ..,on,AJJUt ~. for.h~artllNllt-.i'fliil._. e.eet 

:.,~se;.,::.:..,ma:.;:;~licr~~~~~~= 
aitdQo~~.,..--of~ ...... of:llL"Qi!l)·=··.· '; 

Thus the human beiu is. ~·Y • ."'1~ . Not. oni,; is this ·statement 
"( . .; . ~ 

preposterous, but the v.ef)'. n~ tq,~: it su~W~•••~tof tihle:Prevalent 
"mad~ qf our times." (53) .(p.2l-7) Bef:.a• of \fJi ~al ·MsiieiaLinteltigence 

~flteehniques ~ h,llman ~ys,io~.~01ulation •. ·tbe w@:• dtti pmjeetimiaht h8,<msttued to 
. ; ~ . : ~ . . . . . . . . . -

somehow support, sum ... d.n~ It is dle1Jt>l1' ·~itoqboth rec:opiz81 aid 
clearly state that it 4<>es'.not. 

' 

The above are signi~Vmplicati~ wbkjt ext~;'Vdl ~'~ tlehn.*'1;aspects 

' of this'project and.it wou~~ .~~'kl~ .. :~~,,~4ssu'4. webecune 
e~g~d with lJle detai~.of~.~·=-;fU··~ ~Wt.Jil;Mlloove.t·us to 

· coi:isider not only how, but imo wtiy,~d.otwhat~.~~ ~~th 4}Ur wuk. 

' ; ' ~ .J 
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7. Sumlnall ,aml: Conclusions· 

The.P,«>~described in this.~ h8'~>'.Pf*1le·..,.. implementation. and 
preliminary e~~ '!>{!~ iQteQijent ~~-.-.'ilr11111e:a'li medical 
education resource. This knowJedae based physioloaic niM•.-a1(IUIPMS)1ha·been 
developed within the context of the New .Pathway, an experimental curriculum at Harvard 

Med~,~.Jl?.e:~~l.P.Mtot;tt.'.,,,WJltUlt•.•to,_.Mne;pllysttians with a 
set of atti.tudf.\ *Uls, ~ ~IW wJM; _.. ,_,..._, tbs.· lifetoftg; f>IOfesiional 

" ..•. ~ . ' . ' .,_- . - . ' 

learning • a.P.fCfeQp~ to,~~ ·liltl·8*ef~iabmadeo ~ in the 
New -~!ay J$ ;'9,p~v~~ tQ1facilita$0 ..... JlflPtg leliiliHI: •d •tok\ilttate and 

· encou,.e ~nts ifl;dteirua · 
\• ;• ' . -. 

_'t ' ·. ,, 

_ , 1be.-develo~~t ofYPMS ~,p.ed ~ ~-9*t in~applicadonoftDUpUters 
_ ~ ec!~ 8'l~ hl)~'P"lPl*r ~:~ ..-.w.-.~ tmnercarea it is most 

~l~ly ~Jated?:~: i~~1'«r11t comp•r ~!~ ...... -al eoadrin1 ---ms. 
In the latter field it draws on aspedS of numerp1h ....... cattSll; Rlll!Olling and 
qualitative simulation. 

KBPMS is designed to carry out,Q)IJJpil~ ~~wluadoa. and verification 

_ofn~.odels,d~riblng various ~,.of ~·~'M9doll!deacribe ~ 
entiiles an~ even!8 in _a'. simp~i.stic ~l ;~t ; ..... .., Df: PtQmste~ pmeesses. 

states, and ste)>S. 'J?1~ ~~~~AP~~ ..... ~~ lw·tlMsirlevel 
of descriptive detail The models are represented in a uni,._....,bMed a.IUIP ind 
variations of simple graph traversal algorithms are used to carry out the functions of 

KB PMS. 

KBPMS w~ originally implemented as a prototype in LISP on a large mainframe and 
subsequently in MUMPS on the New Pathway's HP· 150 microcomputers. The final version 

augments the prototype's capabilities with a friendly user interface incorporating interactive 
graphics. Both versions have a small model of carbon dioxide ho.meostasis by the 
respiratory system. 

An evaluation experiment was undertaken to ~ the pedagogic utility of KBPMS. 

A quiz in respiratory physiology was given to all New Pathway stLidents after a randomly 

selected half of them had oompleted a homework exercise using the program, while the 
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other half of the group used standard edu~~ Poof<stu~~ance with 
this voluntary experiment and numerous methodologic difficulties preclude substantive 

oonclusions-.<t•mtle data~~-~~~ a16fta With student and 
faculty.comments.-.• that K.BPMS·mighflmft ~· -:~'r~1n1· resource. that 

The major streagdls of KBPMS ittbtu• dti;ftpticil 1~fattort of pfocesses~ levels 

ofdescripti~~•wt oombinodOUlheWke ~·~~fftia. e~planatory 
poWtfl'S. aAd a .simple cwerall strueturff.F'flwe1 p~ ~i)f,·~ is gross and 
~II)'.. mislcadin8 .... ftcaiioo.of ifeallplt,_7'fW.·ptoject 'Su-that' ample 
work remains to be done in enhancing both ~~ ?tiSplf&tol't ··thode1, in 
constructing models of other are. of physiology, in pursuing a more sophisticated 
.emJution dolt. a<1j1n <tMJopMg • ~ &rxxi~ta.:tt.tU~)S}'stems16r this type 

might be ·built lbtsW01ii~tta ipitlCIW~.&~iWwtdtf1~~l'¥~na fu the 
natureandpurpoae of'hwJA:ah91ttiiohis·Wen aitfd\e;~.()f&itnputational 

- ' ~ /"- ., '$. -; ' • '> it ,- . : : 
metaphomappliedto;JiWtlentiiei. · · · ..;: · < · · v · ,, ·' " · 

In. conclusion, the results of this project indicate that an intelligent physiologic 
modeling system em 'tMn:o•l'tdd t»iSirig: tile· ffrriftecHt:sOan:ts dt a hlic~puter. This 

~. systenamaybe,ofpOClntial ~ ... *"' 1Un~~ ~rig:&.ti~ needs~ be 
~uated in bodl:a ~ftt4: ihcf ·pitiefti 1~;-~ MUa/1~: remairi~ tb' be done in 

enhm.tilf& tnaft'Y·aspedl dl'M ~-iodrih ~ttl;1i ttitb 'the evblVfng context of 
, ·:lifclongplbfessionatteanti&g. .. : ,, ~ ·, : ' · · , 1 

· 

-~---~-~-----
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Appendix I 
The Respiratory Model 

The following is the frame based representation of a model of carbon dioxide 

homeostasis by the respiratory system. This model w. prepared .usiqg the tcUboob of 

Guyton [42) and West [43]. A formatted oopy of the final MUMPS vemon is shown. 

ALVEOLAR-HYPERVENTILATIOll 
-------------------------

DESCRIPTIVE-LEVEL-Of-ABSTRACTIOI: ph11te1091c 
NAMES: alveolar h:fll&"9nt1lfttoo 
PERTURBATION: increased 

ALVEOLAR-YENTILATIOll 
TYPE: state 

ALVEOLAR-HYPOYENTILATIOll 
--·---------------------

DESCRIPTIYE-LEVEL-Of-AISTRACTION: ph11tol09lc 
NAMES: alveolar h1poventilation 
PERTURBATION: decreased 

ALYEOLAR-YEMTILATIOll 
TYPE: state 

ALVEOLAR-PC02 

ASSOCIATED-STATES: NIL 
Nil 
Nil 

CLINICAL-MEASURABILITY: possible but unusual 
DEFAULT-NUMERIC-VALUE: 40 
DEFAULT-QUALITATIVE-VALUE: no,...1 ·. , 
DESCRIPTION: partial preuur• ot·ca01t d1oxi# in. alveolar ta•. 
GLAB: pAC02 . 
ICON: .H176 

.J.131313331.u 
1 
4 
45 

INfLUEMCING-PROCESSES: PULMONARY-GAS-TRANSPORT 

NAMES: alveolar pC02 
pAC02 

NORMAL-RANGE: 31 
42 

PHYSIOLOGIC-RANGE: 16 
100 

LOWER-AIRWAY-GAS-MIXllG 

PROCESSES-INFLUENCED: ALYEOLOCAPILLARY-OIFFUSION 
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REFERENCES: Guyton pp. 495-496 
West pp. 15-17 

TYPE: par ... t•r 
UNITS: •Hg 

ALV£0lAR-VEl1'ILATIOI 

ASSOCIATED-STATES: AlVfOLAR-HYPERVENTILATIOI 
NIL 
ALVEOLAR-HYPOVENTILATIOI 

CLINICAL-MEASURABILITY: possible but unusual 
DEFAULT-NUMERIC-VALUE: 4200 
DEF AULT-()UAL IT A JIVE -VALUE : non.a.I 
DESCRIPTIOI: rate at which new air entHs t.• alooU1 
GLAB: VA 
ICON: .7 

0 
1 
4 
45 

INFLUENCING-PROCESSES: BULK-GAS-FLOW 
NAMES: alveolar ventilatioe 

VA 
NORMAL-RANGE: 3000 

7000 
PHYSIOLOGIC-RANGE: 1000 

10000 
PRQCESSES-INFLUENCED: LOWER-AIRWAY-GAS-MIXINe' 
REFERENCES: Guyton pp. 484-488 

West pp. 15-17 
TYPE: paraMtter 
UNITS: ml per m1n 

ALVEOLOCAPILLARY-COZ-DIFFUSIOll-RATE 

ASSOCIATED-STATES: Nil 
NIL 
Ill 

CLINICAL-MEAS!,IMBILITY: pos•ible but .unvsua\, 
DEF AUL T-NUMERtc'.:.vALUE: NIL 
DEFAULT-QUALITATIVE-YALU£: nol'llll 

APPENDIX I 

DESCRIPTIOI: rate at which carbon dioxide difuses accl'Off tk a1¥eoloca 
ptllary bas ... et lltllltrane 

GLAB: DC02 
ICON: 1 

.5 
1 
4 
45 

INFLUENCING-PROCESSES: NIL 
NAMES: alveolocapillary COZ diffusion rate 

DC02 
NORMAL-RANGE: NIL 
PHYSIOLOGIC-RANGE: NIL 
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DEFAULT-STATUS: acttve .. 
DESCRIPTIOI: flow or gas voluraes 
DESCRIPTIVE-LEVEL-OF-ABSTRACTIOI: 

throu91t 'u:e ·v~r~ial trff 
physical · 

GLAB: gas flow 
ICON: .83121 

.HH66616H7 
1 
3 
GO 

INFLUEICING-PARAMETERS: RESPIRATORY-RATE 
TIDAL-VOl..ml 
DEAD-SPACE 

IS-A-MECHAIISM-OF: PULMOIARY-GAS-TRAISPORT 
MECHAIISMS: NIL 
NAllllSii lutll 90' tteir' "' " 

gas flow . . . : 
PARAMETERS-INFLUEICED: ALVEOLM•V!lttLATIOI . · 
QUALITATIVE-RULES: RESPIRATORY-RATE-»t+:ALVEOLAR-VEITILATIOI 

TIDAl-VOLUME->M+:ALVEOlAR·VEITILATIOI 
DEAl>-SPACE->lf-:ALYEOlM•VEITILATIOI 

QUAITITATIVE-RULES: 'ALYEOLAl-VEITILATIOl'•'RfSPllATOIY-IATE'•('T~DAL·Y 
OLUME'-'DEAD-SPACE') 

REFERENCES: Guyton ,,. 414-419 
WHt pp, 1,·.t~ 

TAXONOMIC-LEVEL: •·· · I . · .. : · '.' 
TELEOLOGY: Ill 
TYPE: proc•H 

CAPILLARY·PC02 
----------~---

ASSOCIATED-STATES: Ill 
Nil 
NIL 

CLINICAL-MEASURABILITY: possible but unusual 
DEFAULT-NUMERIC-VALUE: Ill 
DEFAULT-QUALITATIVE-VALUE: no .... 1 

';·· 

DESCRIPTION: partial pressure of c1rbon dioxide in t"- 111t .. 1c capilla 
ry blood 

GLAB: cap pC02 
ICON: .2126 

.6 
l 
4 
46 

INFLUEICllG·PROCESSES: TISSUE-CAPILLARY·C02-D.JIJU$,l", 
NAMES: c1pil11r1 pCOZ ',' , .. ,,~ '• - •• ' ', "c>} 

syst .. tc captll1ry pC02 
cap pCOZ 

NORMAL-RANGE: Ill 
_:,, .... 

PHYSIOLOGIC·RAllGf: NIL 
PROCESSES-INFLUENCED: CIRCULATORY-FLOW 
REFERENCES: Guyton pp. 606-507 

West pp. 72-74 
TYPE: par ... ter 
UNITS: • Hg 
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CIRCULATORY-FLOW 

ASSOCIATED-STATES: NIL 
DEFAULT-STATUS: active 
DESCRIPTIOI: , bulk now .. e>r ~lood thro'fth tlJ• cjr,~.,J.1tor.1,11st•c. 
DESCRIPTIVE.:.tfY£f.:-Of-'Aesratrt(JM: phjstca1 ' ,; 
GLAB: circ flow 
ICOI: .317& 

.5 
l 
3 
90 

INFLU£NCIIG-PARAMETERS: CAPILLARY-PC01 
IS-A-MECHAIISM·OF: CIRCULATORY-C01-TRAllSP0Rt 
MECHAllSltS: NIL 
NAMES: circulatory flow 

c1rc flow 
PARAMETERS-llfLUflCED: PC02 
QUALITATIVE-RULES: CAPILLARY-PC02->N+:PCOZ 
QUANTITATIVE-RULES: Ill 
REFERENCES: Guyton pp. 604-616 

.,.. t. ,, . ,,17 :;-13 . 
TAXOIMOMIC-LEYE[i·' \)1· ,,.,. ,, 

TELEOLOCY: transport •talto11c substrates ~~ lt¥'ro~ts,.µt~ugll•ut. tltt 
body 

TYPE: process 

COZ-ELIMIIATIOI 

ASSOCIATED-STATES: Nil 
DEFAULT-STATUS: active 

: I 

DESCRIPTION: ret110val or the carbon dioxide, a universal .. taboltc bypro 
duct, frOll the body 

DESCRIPTIYE-LEVEL-OF-ABSTRACTIOI: physiologic 
GLAB: C02 eliM 
ICON: ,4·76 

.833333333333 
l 
3 
90 

INFLUEICllG-PARAMETERS: METABOLIC-COZ·PROOUCTIOl-RATt 
IS·A-MECHAllSM·OF: lt(llEOSTASIS 
MECHANISMS: CIRCUl.ATOIY·C02-TRAllSPORT 

RESPIRATOIJT,;CglT~-Of ~~ 
NAMES: C02 elf•tnatt•• >' '. ' •• 

coz elt• 

i. 

PARAMETERS- IlflUUCED: COZ-EXCRtTIOll-ltATE • ... . 
QUALITATIVE-RULES: MfTAIOlIC-COZ-PROOUCTIOl::MT~~-~OZ·U9'£Jltfl-RATt 
QUANTITATIYE·RULES: Ill .. .. , 
REFERENCES: NIL 
TAXONOMIC-LEVEL: ,l 
TELEOLOGY: NIL 
TYPE: process 
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COZ·EXCRETION-RATE 

COPD 

ASSOCIATED-STATES: NIL 
NIL 
Nil 

CLINICAL-MEASURABILITY: possible but unusual 
DEFAULT-NUMERIC-VALUE: Nil 
DEFAULT-QUALITATIVE-VALUE: ft01'1111 , ..• , 

DESCRIPTION: volume of COZ exhaled per untt tilllt 
GLAB: VC02 . 
ICOll: l 

.666666686857 
l 
4 
45 

INFLUENCING-PROCESSES: C02-ELIMINATION 
RESPIRATORY·CONTROL-Of-PC02 
PULMONAaY·GAS-fX(HAl&E 
ALVEOLOCAPILLARY-DIFFUSIOI 

NAMES: C02 excretion rate 
VC02 

NORMAL·RANGE: NIL 
PHYSIOLOGIC-RAllGE: Nil 
PROCESSES-INFLUENCED: NIL 
REFERENCES: West p. 11 
TYPE: parmneter 
UNITS: 1 per min 

DESCRIPTIVE-LEVEL-OF-ABSTRACTION: patholfftr•tolOf'ic 
NAMES: COPD 

chronic obstructive pulmonary disease 
PERTURBATION: impaired 

BUU·GAS·FLOW 
TYPE: state 

DEAD-SPACE 

ASSOCIATED-STATES: NIL 
Nil 
NIL 

CLINICAl-MEASUAABILIT'(: . po,ts.ilfle but MUMll 
DEFAULT-llUMERIC-VALUE: 150 
DEFAULT-QUALITATIVE-VALUE: noftld 
DESCRIPTION: vol111111 of tidal gas which does not 

eas of the 1 ung 
GLAB: VD 
ICON: .3875 

0 
l 
4 
45 

• 
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INFLUENCING-PROCESSES: 
NAMES: dead space 

physiologic dead 
VD 

NORMAL-RANGE: 100 
200 

PHYSIOLOGIC-RANGE: 60 

NIL 

space 

1008 
PROCESSES-INFLU£NCED: BULK-GAS-FLOW 
REFERENCES: Guyton pp. 414-411 

West pp. 11-19 
TYPE: par ... ter 
UNITS: ail 

FICOZ 

ASSOCIATED-STATES: NIL 
NIL 
Ill 

CLINICAL-MEASURABILITY: possible but unusual 
DEFAULT-NUMERIC-YALU£: .04 
DEFAULT-QUALITATIVE-VALUE: nort1al 
DESCRIPTIOI: fraction of inspired gas vol1111e which ts C02 
GLAB: FICOZ 
ICON: . 96875 

0 
1 
4 
45 

INFLUENCING-PROCESSES: NIL 
NAMES: FICOZ 

fraction1ona1 inspired COZ 
NORMAL-RANGE: .04 

.04 
PHYSIOLOGIC-RANGE: NIL 
PROCESSES-INFLUENCED: LOWER-AIRWAY-GAS-NIXING 
REFERENCES: Guyton 493-494 
TYPE: par ... ttr 
UNITS: X 

HOMEOSTASIS 

APPENDIX I 

DEFAULT-STATUS: active 
DESCRIPTION: regulation of the ittt..-nal tftvitotllllftt by a ·1tving organts 

II 

DESCRIPTIVE-LEVEL-OF-ABSTRACTION: 
GLAB: honieostuh 
ICON: .476 

1 
1 
3 
90 

INFLUENCING-PARAMETERS: NIL 
IS-A-MECHANISM-OF: survival 

·"':' 

phystol'dftc 
' ' 
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MECHAllSMS: COZ-ELIMillATIOI 
NAMES: h011101tas11 
PARAMETERS-llflUEICED: Ill 
QUALITATIY£-RULES: 11~-. 
QUAITJTATIVE·RUlES: ltl 
REFEREICES: Ill 
TAXOMCMIC-LEVEL: 0 . 
TELEOLOGY: •atntatn thoae cond1ttoftl whtch are compatible witlt ltft 
TYPE: SUMUllgtAUI 

HYPERCAPNEA 

\ 

DESCRIPTIVE-LEVEL-Of-ABSTRACTIOll: ph1stologic 
NAMES: hypercap••a 

hypercarbia 
hypoveat t1 at to• 

PERTURIATJOI: 1ncreaaed -~­
PCOZ 

TYPE: state 

HYPERMETABOLISM 

DESCRJ,TIVE·UVEr-OF-Q$TRACTION: pathop1t1siol091c 
NAMES: hypennetabo11 .. 
PERTURBATION: increased 

METAllOlIC-C02-PROOUCTIOl-RATE 
TYPE: state 

HYPERPNEA 

DESCRIPTIVE-LEVEL-Of-AISTRACTIOI: phratologtc. 
NAMES: hyperpnea 
PERTURBATION: increased 

TYPE: state 
RESllJAAtQAY-~TE 

HYPOCAPNEA 

DESCRIPTIVE-LEVEL-OF-ABSTRACTION: phystologtc 
NAMES: hypocapnea 

hypocarbia '· 
hyperventilation 

PERTURBATIOI: decreased 
PC02 

TYPE: stat• 

73 
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HYPOMETABOUSN 

DESCRIPTIVE-LEVEL-Of-ABSTRACTIOI: pathoph1s 1olog1,~, ." 
NAMES: h1p011etaboltsa 
PERTURBATION: decreaa .. 

M£TABOLIC·C02-PROOUCTIOl•RAT£ 
TYPE: staw 

HYPOPNEA 

DESCRIPTIVE-LEVEL-OF-ABSTRACTION: ph1stolo.~c -"' 
NAMES: h1POPRH -'' . ' - '' '' 
PERTURBATION: decreased 

RESPIRATORY-RATE 
TYPE: state 

LOWER-AIRWAY-GAS-MIXING 

ASSOCIATED-STATES: NIL 
DEFAULT-STATUS: active 

' -APPENDIX I 

·I 

',. 

DESCRIPTION: mixing of tntrapulmonar1 gas 1~. t.li~}ow'r tf1f:'t,eobr~,1•cM•l 
trH 

DESCRIPTIVE-LEVEL-OF-ABSTRACTION: ph11tca1 
GLAB: gas mtxtng 
ICON: .8626 

.166666666&97 
1 
3 
90 

INFLUE~CING-PARAMETERS: ALVEOLAR-VEITILATIOI 
flCOZ 

PULMOIARY-GAS-TRAllSfJOIT IS-A-MECHANISM-Of: 
MECHANISMS: NIL 
NAMES: lower atrwar o•• •1xt.. ' 

gas •1x1Rf . .. . -
PARAMETERS- lllfLUEICED: ALVEOLAR-PCOZ ~· .. ·. . 
QUALITATIVE-RULES: ALYEOLAll-VEITILATIOl->M-fAlVrOl*a~~i 

FIC02->M+:ALVEOlAR·PCOZ 
QUANTITATIVE-RULES: Ill 
REFERENCES: Guyton pp. 495·411 
TAX0119MIC-LEV£l: I 
TELEOLOGY: Ill 
TYPE: process 

METABOLIC-C02-PROOUCTIOl-RAT£ 

ASSOCIATED-STATES: Nil 
NIL 
NIL 
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PC02 

CLINICAL-MEASURABILITY: possible but UltUSUal 
DEFAULT-NUMERIC-VALUE: NIL 
DEFAUlT-QUALITATIVE-VALUE: no .... 1 
DESCRIPTION: rat• at which carbon dioxide is pro~d by ttss~e .. tabo1 

1.. c. 
GLAB: CH ,,,_ -
ICOI: 0 

.8606811Het7 
l 
4 
45 

INFLUENCING-PROCESSES: NIL 
NAMES: metabolic C02 production rate 

C02 prod 
NORMAL -RANGE: NIL 
PHYSIOLOGIC-RAISE: NIL 
PROCESSES-INFLUENCEO: C02•£UMEaUIGI · ·' 

CIRCULATORY-coa .. ll.....-.rr .. 
TISSUE-CAPIL:t.MY .. COt~tOI ·. 

REFERENCES: Guyton pp. 610-111 ' ) 
TYPE: par ... ter 
UNITS: 1119 per hr per sq C11 body •rfac. .....-. 

ASSOCIATED-STATES: HYPERCAPIEA 
NIL 
HYPOCAPIEA 

CLINICAL-MEASUIABILITY: routine 
DEFAULT-NUMERIC-VALUE: 40 
DEFAULT-QUALITATIVE-VALUE: nonql 
DESCRIPTION: partial pressure of carbon 
GLAB: paC02 
ICON: .475 

. 86HM661117 
1 
4 

dioxide in arter1•, tilood 

45 
INFLUENCING-PROCESSES: CIRCUl.ATOIY-C02-TRAISPORT,RESPIRATOlrf-t0ttROL-Of 

-PCOZ • ... 

NAMES: arterial pC02 
pC02 
paC02 

NORMAL-AAIGE: 38 
42 

PHYSIOLOGIC-RAISE: 15 

CIRCULATOIY-fLOlf,~Y-GAS-l~; . 
ALVEOLOCAPILLARY-OIFFUSIOI 

100 '. 
PROCESSES- INFLUENCED: RESPIIATORY-COITIOL-Of"'PCOI' 

CHEMOREFLEXES · · 
REFERENCES: West p. l 
TYPE: par ... ter 
UNITS: 11111 Hf 

15 
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PULMONARY-GAS-EXCHANGE 

ASSOCIATED-STATES: NJi 
DEFAULT-STATUS: active 

APPENDIX I 

DESCRIPTION: exchange of gasses between the body and its .. vtro .... nt by 
the lungs 

DESCRIPTIVE-LEVEL-OF-ABSTRACTIOI: physiologic 
GLAB: gas each 
ICON: . 7187& 

.a 
1 
3 
90 

INFLUENCING-PARAMETERS: RESPIRATORY-RATE 
TIDAL -VOLUME 

IS-A-MECHANISM-Of: RESPIRATORY-CONTllOl.....,•PCOZ 
MECHANISMS: PULMONARY-GAS-~T 

ALVEOLOCAPllLARY--Olf.fUSIOI 
NAMES: pulmonary gas exchange 

gas exch 
PARAMETERS-INFLUENCED: C02-EXCRETJOft-RATE 

QUALITATIVE-RULES: 
PC02 

RESPIRATORY-RATE->M-:PCOZ,M+:COZ-EXCRETION-RATE 
TIDAL-VOLUM£->M-:PC02,M+:COZ·EXCRETIOl-RATf 

QUANTITATIVE-RULES: 
REFERENCES: Nil 
TAXONOMIC-LEVEL: 
TELEOLOGY: NIL 
TYPE: process 

PULMONARY-GAS-TRANSPORT 

NIL 

3 

ASSOCIATED-STATES: NIL 
DEFAULT-STATUS: active 
DESCRIPTION: transport of tidal gas between the external enviroftllent an 

d the a lveo 1 t1 
DESCRIPTIVE-LEVEL-Of-ABSTRACTION: 
GLAB: gas trlfta 
ICON:' . 71875 

.3333U33H33 
1 
3 

physiologic 

90 
INFLUENCING-PARAMETERS: RESPIRATORY-RATE 

TIDAL-VOLi.it£ 
IS-A-MECHANISM·Of: PULMONARY-GAS-EXCHANGE 
MECHANISMS: BULK-GAS-FLOW 

LOWER-AIRWAY-GAS-MIXING 
NAMES: pulmonary gas traasport 

pulmonary vent11atton 
gas trans 

'r, ,· 

PARAMETERS-INFLUENCED: ALVEOLAR-PC02 
QUALITATIVE-RULES: RESPIAATORY-RATE->M-:ALVEOLAR-PCOZ 

TIDAL-VOLUME->M-:ALVEOLAR-PCOZ 
QUANTITATIVE-RULES: NIL 
REFERENCES: Guyton pp. 476-490 

West pp. 11-20 
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TAXONOMIC-LEVEL: 4 
TELEOLOGY: Ill 
TYPE: proceu 

RESPIRATORY-CONTROl-Of-PCOZ 

ASSOCIATED-STATES: NIL 
DEFAULT-STATUS: act1ve 
DESCRIPTION: regulation or arterial pC02 by the 
OESCRIPTIVE-LEVEL-Of-AISTRACTION: pbysiolotic 
GLAI: pCOZ regl 
ICOI: . 71875 

.6886HHHl7 
1 
3 
90 

IIFLUENCING-PARANfTEIS: PCOI 
IS-A-MECHAIISM-Of: COZ-ELIMINATIOll 
MECHANISMS: CHfMOIEF'LEXES 

PULMONARY-GAS-EXCHAl&t 
NAMES: respirator1 control of pC02 

respiratory pCOZ regulatton 
pCOZ r .. 1 

PARAMETERS-INflUEICED: C02-EXCRETI~f . 
PCOZ 

respiratory 1y1t .. 

QUALITATIVE-RULES: PCOZ->M+:COZ·EXCRETIOll-RATE,M·:PCOZ 
QUAITITATIVE-RUlfS: Ill 
REFERENCES: Guyton pp. 616-627 

West pp. 113-127 
TAXOIOMIC-LEVEL: Z 
TELEOLOGY: Nintain pacoz at a·eenuut. 19"t 
TYPE: prOCHI 

RESPIRATORY-RATE 

ASSOCIATED-STATES: HYPERPNEA 
NIL 
HYPOPNEA 

CLINICAl-MEASURAIILITY: routine 
DEFAUlT-lltlllfRIC-VALUE: lZ 
DEFAULT-QUALITATIVE-VALUE: no,...1 
DESCRIPTION: rate or breath1nt 
GLAB; . Q.,, .. , . , 1: · 

ICOI: .387S 
.333333333333 
l 
4 
46 

INFLUENCING-PROCESSES: CHEMOAEFLEXES 
NAMES: respiratory rate 

RR 
NORMAL-RANGE: 10 

15 
PHYSIOLOGIC-RANGE: 6 

:.:•:•I I·· 
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50 
PROCESSES-INrLUENCED: PULMONARY-GAS-EXCHANGE 

REFERENCES: Nil 
TYPE: par ... ter 
UNITS: breaths per •1• 

PULMONARY-GAS-TRANSPORT 
BULK-GAS-FLOW 

TIDAL-VOUllE 

ASSOCIATED-STATES: Ill 
Ill 
Ill 

CLINICAL-MEASURABILITY: possible but unusual 
DEFAULT-NUMERIC-VALUE: 500 
DEFAULT-QUALITATIVE-VALUE: no .... 1 
DESCRIPTION: vol ... of gaa exptrelld in a stlfM brea8' i: 

GLAB: YT 
ICON: .3871 

.16666611Hl7 
1 
4 
45 

INFLUENCING-PROCESSES: CHEMOREF!,6JSJ$ 
NAMES: tidal vol ... 

YT 
NORMAL-RANGE: 400 

. 600 
PHYSIOLOGIC-RANGE: 50 

3500 
PROCESSES-INrLUENCED: PULMO~·GAS~UW.E· 

PULMOllARY-GA$-TIAllSPOIT 
BULK-GAS-rLOW 

REFERENCES: Guyton pp. 480-482 
West pp. 12-14 

TYPE: parat1eter 
UNITS: ml 

TISSUE-CAPILLARY-C02-DIFFUSIOI 

ASSOCIATED-STATES: Ill 

-, 

DEFAULT-STATUS: active ; .. ,,~ :~ 

., j. 
' ,\ > 

APPENDIX I 

DESCRlPTIOlt: passive diffusion of carbon dioxide frOll Mt.alto11z_i_nf' tiss' 
ues to capillary blood "~' · 

DESCRIPTIVE-LEVEL-Of-ABSTRACTIOM: ch•1cal .· .. . ,; 
GLAB: t-c C02 dtff 
ICOll: .0&871 

.5 
1 
3 
90 

INFLUENCING-PARAMETERS: METABOLIC-C02-PRODUCTIOll-RATE 
IS-A-MECHAIISM-Of: CIRCULATORY-C02-TRANSPOAT 
MECHANISMS: Nil 
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NAMES: tissue-capillary C02 diffusion 
t-c C02 diff 

PARAMETfRS~INrLUENCED: CAPILLARY-PC02 
QUALITATIVE-RULES: METABOLIC-C02-PRODUCTION-RATE->M+:CAPILLARY-PC02 
QUANTITATIVE-RULES: NIL 
REFERENCES: Guyton pp. 497-500 

West pp. 21-30 
TAXONOMIC-LEVEL: 3 
TELEOLOGY: NIL 
TYPE: process 
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exact numeric value is not k~n (eg. bo~y,temperature is increased), 
Similarly, KBPMS will displaj 11u1118rfc viltres whenev1r pouible, and 
qualitat1vevalueso14'~i•~ '.. · ···· · 

II. General Program Features 

KBPMS 1s designed to run in several different hardware envir.onmenta 
and some of ttle fol lowing information may vary depending on the particular 
implementation. However, most of the general principle.• shpuld. app11. 

. ~' : ;;, ~.» '~ ; ,,. . :~ .,_ :-~ ' ; . 

The video display·. h divideddrrto,feur 4'9f1•1*'··1i ~· These are: 
a title line, a fl'lllld gr1phic1.w1ftdow.,.ani.'u1tff't11ef tixt"::..,itft1'·; a1'd 
a CoM•nd,J in!I ( sof~U¥f •• tb•c~tff'·HO'); Jht" u•er•r•ittf' t~;· prophm ~nteract 
by mariipul.~tjQ.g tht .CHteaU, of ,,hi 'd11pU~ W'lttt6WI 'ttt1it9'. 'tbt ~l~hanulileric 
keyboard. th1,:functit1 ktta •. and:tto:in~1ng ucttd4sM (aaMQll, I' . 
tOUGh-HIJ&ith'e display. tbl atpbuu .. rtCi·CllUCfi', oti' SHI CbM'fnation 
or theseJ. '" . ' ' : .• 

The'ar&,PJl14s wi•dow 111y be •anfpulati.db,y t11 c0tillllaifdr'1n the Graphics 
Opt ions J"8fl.~· The .t•xt wiad .. ,uy "'9 mutf)ullatef f'f4t41'1fd} bt the .c~1111,t«nd1 
displayed a~ w.ttt. tlte,tn\" Foth~IWHi'f"ff~ ut·1Mt5 df'r-•ct1ona1 · arl"dwa 
(up, ,doQ. 1,ft, :P.1gllt).•d tM <•n>;.t<fa,W)f/'tttd',"<'.11>~>.H~: o'•:c1octt arr~w) 
keys 111ax.a.1ao.,. use4 •o .. ...,.i.·t11t1.f~....- h~ aWditotlt:inq lftec~allil!'ll· .. 
Thus tha,y,.~ ~ i>t ":1t•Unca; ia".seroll1'~ tlt• teit'l'~Wilufow;· Mov,ing a bot:.. 

spot, .•. , . . · · L ., 

directing the alphanumeric cursor. to point ·to·• ·•bOl, of' 'to request t11e 
next step in a simulation. However, they are not required for KBPMS to 
operate properJ,y &ad _,, "t ...,,.,~nfitJ<'ln 1-. 1•tff...W~attona. 

- f' ~ . ,; ::/ r' . -· 

When prompted to. a•lect. a pt1rs:tol09'k: 4'1tt1ty, ·tu 11Sff'¥ lltly type 
tts name or .a cplltlDGn ,Qbr•~iation~ •,...n't a lht t• 'etto'iih· trom (by pressing 
the space bar), or p0;iat. to a 1y9'801qUsph'f•d in ttfl ft'_,,.fcs window·~ 
The <f8> .t,~n.c~ 1en key ••r be< usedc. u .. u•1t. fr'11t: MMt 't•~t• of th• . 
program at any time, wtttther or ,not· th•· C:Olllfltdtf 41ite· n c~f'tant ly displayed. 

' - ~ t_; i '~ ;_: ' . ' 

KBPMS can be quOt 11ow in perforeing so1111'or'H1 tunct1ons. Plelst be 
patient and wait tor a uaponse· rather than ceulodtng that the program has 
hung and re-boou.,g <.Jour OOltf>Uter .. · · 

---> Main ,J44mu <---

- Simulat.ion:. 

- Explanation: 

Al low• th.e user to carry out an "experiment" bj specifying 
a sat of pert.urbat1ou and ot1wv1htf ·tft• pf;ystotog1c 
re14>01\1a to' them. · , · ', · · , '' 

~11 owa.. tt•• user t• ask any or·' 'tl\e ro'rlowHtg quest ions, 
when tll•·. bla•k• may be fill.ct'tt; any ut1ty 1iescribed ~Y 
the curf'ent model : ' · · ·· · · · 

Wltat h ? 
. What •1r1ctl1 inf1uencea f 

- -~--··------ ----------
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What is dt~•ci1,,,.1,.ftluucn _, · 1 
Does influence 1 

. What are the mechanisms of 1 

- Show Ent 1t ies: Lists all the entities which are described by the c~rrent 
lllPcitl· Md- tJ1&.~ c.-..1ti atdlf'!.ft;;iaift·I'-'· Tltlt aceOt!tfN.nytng . 
,ctia9ru 1-l l;&tMJ'•U.. ~ • .,.. .... ,.. attd' proeHi'ff; Vote 
~that, thi~ co••.._ iCAIJ ba:fM*GVlmy''•loW. : 

! .. ~· 

- Logg1 ng Oft: · Terminates 10911119. 

- Logging On: Initiates logging of all textual program output to a file. 
printer, or other device. 

- Graphics Options: Allows the user to magnify. shrink. scroll, and print the 
~urrtJtt ly ,d1H~fffd- d1atr•'"' lhlt1 1 ta partitutar1-' uHful 
f0,~ ;f~lta··d~atr:a• •flicll •1 lttdHt!fiOlllt·cto read ht 

_ .tb1 6~diHrY g~qliHl11•f•few• · · ."I\ ., ' 

- Help: 

- Ex 1t: 

··01_,tl'-Y• tb1~ fnf~t1oa. 

~-.""f u• ~ ·. 
---> S111tt1i.•tion <---

" KBPMS first resets all physiologic paraineters to their normal values 
and all .P~,i.J_io_l?~}iE. Pf.O~A. to -f!P~1~t~UA!.1'ilti -.nlfN)ltpts t-h• u••r 
to spe~_1ty ai;i en,t~t11 ~·· par~r)\~.,J• ~-.-• arlarc1*t. •-WH<e,.1Wf 
above (:t't. _,,n,fal,.l.r~r~ f-Hvr•s~ •.. l.f7tt.N Mtite&lllt'l ..... tt·-_ procftt. 
then the user if,.~~ tp ~ho~~ :9"- gf1:t•· PN&Jtd• .-USM: att ih; 01- i 

impaired .. lf' the ,,1e~tM i.ntUrj1,•1 PHlllllNH<.t•~'*-' H•f'· 1t aikiil' to'.--:' 
-- choose a'qual1tathe va1ue (nor11al, 1ncreasech-.;.Of'dectr8•1•di)'Of' I' nifiitfrict1 

value for the parameter. Tiie user may continue entering additional 
perturb at ions, O(' 11~ t•r:~,.g,.,fro:to.,111 tt•1r'4-:0H1i untH: Ill" or''"'~ 
dee 1des t9 start i~t ~ s i1ulat to11 .. , . . . . :. , · · '.;i,, . - ' ·- · 

" " ' . ,,, . 
. : .i, _., ,:~ \~ - ;' ~-' ' :~ . ' .. :..! t .: : '!' 

There 1s a subst~ntt!l,dtlU wttilt.t,H,proor .. ,..,.,_. ih '•f1itrt1atfo11. 
Aftet'ward•. Utt u.,,4r . ..,,,ft,lti~w tile ••ltti• N911lu~•tt1t•tltt rotl.Wtnf 
commands: 

- Next Step: 

- Prev Step: 

- Why?: 

- Close-'up Off: 

- Close-up 9.n: 

Displays the next step of the simulation. 

Displays the previous step of tile s1111ulatied~ ; , 

, £Xfl.)Al.1t~ .taYe tM QUN'•,,.t•t.diatfort 'n.p took tJ:l«e•. 
; + ~~ 

! 0. ,• . '._ ' ; . . : ~} 

.:r. 'Ttrmi~a :c;.Jp.a~--·· ,j 

':t •• :; - • ' . 

···i~,1t1.t~ c}ou-~: ....... r 1•··••ctti oalf. tlM>lt 8'1't1tiea 
di rtct lf;; ,tn-v9lJt•fhfnu.ttth(.,._t~•ri • 1i1Ulat1•n •t•tt 4Nt'' 
d1splay~d in tlle grapbics window. 

-t ·'" l; t, -. ; ? ~ : •; ' - ' 

- Graphi~s Qpt1on~., _.$pt aa:· in mdA lllflUk· · .•· 

- summary: •- q~·P~,qs. a ~rv~1u1.~,.;.:~ .. t ,_..,~ .10f th ent.tre 
· -$i19ulatte>n run aad thtn f!IWf\H!M1!•:tM matill'llit'IN, ·,. 
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- Main Menu: 

---> Explanation <---

KBPMS 11kl. th• UHf' to ••l•ct one tff t11,e· t;1.an~1~:juHt1ona and ant1tiea 
to fill m the bllntt(s) 1.n th:• 1alttt9dtqWtt·i'Oft.'·TtM ltlact1on of quHt1ona 
and ant1t1as t• par,fof'Md. u -cteRr~ ~{fr.·t•M.1 Protr• Featuraa). 
Th• answer to the qu11t1on ••Y conaht of text u•.'.~! d,iatrlM; ~c,11; ~•. 
displayed after a short dell,y, :, ~· ·"" · ' '" ' · 

IV. How to get started 

The cftf1n~l1ona Hated above (1. Introduetfoa) ar•'vtry important. 
Phase rav1,,w tflt• btfor• yea start Htltt UPlllS. 'A· too• 'way to acquaint 
yourself with both the 110delta9 sys1M' 1H'.·a~.partte111l~J1Hdal 11 to look 
at the ant 1t its described. by the lllOdtl (<Loffi'!t o,a>. lg to pr1nt8f'. .. .; .. 
<Show Entities>: then be pr1par9f 14rc .. 1t, ttlfa tdltifOr 11 verr 
slow). The SUllllftary diagra wil 1 1e111 hopalll!J.X ,.ti.Ol!.t!•.J!. and 111eg1blt .1.t .. 
first. Print a copy (<Grapnica Options>. <Prfff~#tf and set it aafde for 
future reference. It will help things fall into place as you explore 
different parts of the 110dal. Go back to the uta llleftu an~_t.~r:Jt.,l~A1A~ 
off for now. You can turn 1t back on at any t1u 1f you cfff fdf lltlt 
you want to keep a record of your sass1on. 

.:_, ..., t::;. ": 

E.1tat1n• tna 1 ist or ent ft.de~ ".q~.~ ._,ma~ _tJ.'f1~' o ~par~J.a,r. 
one pro;eHa, and C>Af, state <ttll'tl''t<Hfi ~ *'""•·~~1'.ft'r J;JI'.~·. f,rJ 9fflt 
of thA.pou1b1• CfflttU•n:-:h', ... tlht aOt"'t'b'fi' ~·f(iJ 1 ·can prpvH:tt. 
Now tua a l9ok at._. aat'ft'i•I, wft1~h'~rw nN'~·t~.~A'~ l°alf 1'". 
tJl.Clf1~1~tt1.V oa· Utt an••N·"·pto.,,tctd!'f'lt"• prl9r~~ fiflW i~~t•Ytt,1t1d 

·· reterence-,.oa ban(t 1ad Qt, tlt••tr, ' n , · 

Now try tlte.at•ulatioa feature. s;ttifyas~1t9te' f>!t'!ot,ti1o~. 19. 
an increase in one par ... ter. Examine each step·ot·tff 1111tti1ation and 
ask "Why?" for_ each step. Try closa-up_llOd•:, Ca~afvlJt,,~-.1_?_.• th•_••.•._rY 
using the ~•tbtcs O.tiut. 1t·ttt11ftlhilatiofl Nith·to ai.t tiftttt••t•it~ 
wh1cb JOU. are Wtfutliar. to ttack\ to •X,httlt1U'llilde¥.ffct,Yi4'uff"t itqU,i · ... 
th••· . 

V. Exhortat 10H 

Rem~r :l.Ut ·WMS· ts· :tanmted':ls • .U•;M ;;,x,1:.aiation and 
experimentation. Please try to ust 1t beyond. ttlt .•~r,t:t . .,eonfine_s.-P,f ¥~J1r 
assignment. If you are unsure of ..,, t11t1.itA11t ~'.''ctr· wltetller' fl ' 
works properly, play w1tll it -- sea what happens_: Wll_&~•,~fr "ll•PP''-4"•-. 
1 t 1;1. h9p'*''· Ula.t · 10,1 wi 1'f, 1ur•1 s°"'"" i'tt-~. ~· \~; ptotr• lttd 
the Pf~t 1~11J1r •raa: 6f~ phJ9:1•1otYi"t~u1'arl'"1tutfj'f~·. t::9'"'.t' 

/ • '-"'!:;- " -- ·--, . r'- !., rJ ,:_ • ~,, , • 

Students, faculty, and staff -- be sure to report Yf!'!r e~aJyJURn of 
KBPNS 111 This feedback 1a very importattt"flit>ft'iEY£Rt6tlt '*'o ltii''otela1on 
to use the program and w1Tl be the b11i1 for future '°"1~ications. 
Please ratert,Jloth positwa and'ntfltiii i..,ecd. :fhtlf+lft you \'. 
used the IM'Gtf'•• aad wut "spectfiC'Chaftgtsi•you'·'iidfd''ftti to 11e. 
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Please send these comments to Robert Kunstaetter via electronic mail 
using HP-DeskManager. I can also be reached over ARPANET (RKU@MIT-MC) or 
at the following postal address: 

Robert Kunstaetter 
Massachusetts Institute of Technology 
Laboratory for Computer Science 
545 Technology Square, Rm. 373 
Cambridge, MA 02139 

Have fun! 
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... ,,.., 

The following is a sample inWtien.with WMS;'~~.~ ~l shown 
in Appendix I. All text and diagrams shown were ~bsthe~ 

Tht follow1ng tnt1t1ea art known to th1a .. del: 

Parameters: 

alveolar pC02 
--> (a.k.a.: pAC02) 

alveolar vent11at1on 
--> (a.k.a.: VA) 

alveolocapillary C02 d1ffua~on rate 
--> (a.k.a.: DCOZ) 

cap111 ary pCOZ · · -
--> (a.k.a.: systemic capillary pC02) 
--> (a.k.a.: cap pC02) 

C02 excretion rate 
--> (a.k.a.: VC02) 

dead space 
--> (a.k.a.: physiologic dead apace) 
--> (a.k.a.: VD) 

FIC02 
--> (a.k.a.: fraction1onal inspired C02) 

metabolic COZ production rate 
--> (a.k.a.: C02 prod) 

arterial pC02 
--> (a.k.a.: pC02) 
--> (a.k.a.: paCOZ) 

respiratory rate . ;· 
--> (a.k.a.: RR) 

tidal VoiUM 
--> (a.i~a.: VT) 

Processes: 

alveolocapillary diffusion 
--> (a.k.a.: a-c diff) 

bulk gas flow 
--> (a.k.a.: gas flow) 

the medullary chtmorefltx 
--> (a.k.a.: ch1110reflex) 
--> (a.k.a.: cht110r1f) 

circulatory C02 transport 
--> (a.k.a.: COZ trans) 

circulatory flow 
--> (a.k.a.: circ flow) 

C02 elimination 
--> (a.k.a.: COZ t11m) 

lower airway gas mixing 
--> (a.k.a.: gas mixing) 

pulmonary gas exchange 

.i 

':.' •,\ 
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--> (a.k.a.: gas exch) 
pulmonary gas transport 

--> (a.k.a.: pul~J Jttt;U)~tio~) .. ·· ·· r 
1
' 

--> (a.k.a.: gas trans) 
respiratory control of pCOZ 

·==~ ~:::: :~ ~-·· ;~}~=~ •eot 1'8flllUtollJ' .j .· 

tissue-capn.J,ar-r C02'.'lf.ffltls'fcni · · 
--> (a.k.a.: t-c C02 d1ff) 

States: 

alveolar hyperventilation 
alveolar hypoventilation 
ARDS 

--> (a.k.a.: adult rtspiratory d1strts1 syndrOIH) 
--> (a.k.a.: shock lung) 

COPD 
--> (a.k.a.: chronic obstructive pulmonary diseale) 

hypercapnta 
--> (a.k.a.: hypercarbia) 
--> (a.k.a.: hypoventilation) 

hypermetabol ism 
hyperpnea 
hypocapnea 

--> (a.k.a.: hypocarbia) 
--> (a.k.a.: hyperventilation) 

hypomatabolism 
hypopnea 

· Q: What is arterial pCOZ? 

. ,,, . 
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/':. / 

A: Arterial pCOZ (pC02, paCOZ) is a physiologic parame~•f· tJit p.Jrt1a1 
pressure of carbon dioxide in arterial blood measured in'i!R Hg,~.,,,U,s normal 
range is 38 to 42. Its physiologic range is 15 to too. I~ Js r~~t~i• to 
measure in most clinical settings. Increased arterial pCOt' is called 
hypercapnea. Decreased arterial pCOZ is called hypocapnea. for more 
information see West p. 1. 

---------
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Q: What directly irifluences arterial pC02 "(fJtot, paCOZJ 7 

A: Thh quasU~n 1116Y be antwrctd ~t tffrfe !f'f~f~r.,(r\t,;;Tiv,~J~, of • .Aa~>H-. .At the 
most ebatr.act l•v•l ,. ar"9f'ial pC02 ·:ts .d~uc~t), ill;n':\~c..,.,'bi. ~~M~ ~ 
pr~u.t:Uott ..--. :ttt.rougtt ci~t·ato~y~~.'~'"&?t~~~~~- .. ~N,~1 ~ ~·~. 
r.e.a-11'•"'1•• contrvl; Of''-..COl'.··--t: . ., .... 'fttffl'WW'ltv,•J;--~ ~.-1,,rfal ,CPl,;JI . i'.. 
directly 1nrlu1nc1d by capillary pC02 through c1rcutatory f'low and respiratory 
rate and tidal vol11t1te through pulmonary gaa ••chlftfe. At an even more detailed 
level, arterial pC02 11 directly influenced by alveolar pC02 and 
alveolocapillary C02 diffusion rate throu9h alveolocap111ary diffusion. 

Q> 

VT 
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Q: What is diractli 1nf14en~1.d 1.>.v arterial .,pCQa {1tC02·~ ,..cot} 'I 

A: This que.st1on m~ .b- anaMred at two i4:11.1,.,,*nt_-le-11;i:of"-.data·t:1. At th 
most «11s:~:r1lc~~ 1av11/:ari~~~~l'.pt01.;.4tr•etlJ.J.1ntr~ c,oa:i'8C,...tt!fon t-at•· aad 
arter1t1' ',CO~ t~tl(b r,--~.Pif~W-¥ COft.;\t'i>l., ~~ .. ; Afti:~·tlln IMatlM i.wt. 
a,,.t•r'f·l'l ~- dtr.•F"t;ry f.nr1~·"-~- ,,..p.tcr..i.-1t;f&-~.,.t1*f' ..... tM .. °"flt 
the ~u-fl«ry chfflbrer;1.u. . · · .. , .... ) : ~- ; ,, __ "-1 ~ -, . · 

·,,.J-:, 

. 
e1oref 

RR 

D 
VT 
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Q: What are the mechanh11s of arterial pC02? 

A: ,Although t"1a 11ay be a reasonable quest'fan in a more general sett:f._Nf, it 
does not really make sense in the limited context of this model. Arterial pC02 
{pC02, paC02) is a physiologic parameter (an entity with a potentially 
masurable value) and does not have any mechanisms as such. In this 110deling 
system only processes (defined as descriptions of the interaction between 
parameters) are said to have mechanisms. For example, one might ask about the 
mechanisms of tissue-capillary C02 diffusion, which 1s a process. However, 
asking about the mechanisas of s011ethin9 11ke tidal volume (another paraMater) 
or hyparpnea (a state) would not be meaningful. 

Q: What are the mechanisms of pulmonary gas exchange? 

A: The mechanisms of pulmonary gas exchange (gas exch) art pulmonary gas 
transport and a1veolocap111ary cttft'usion. ·, 

--6 
a.-c diff 

ga.s tr a.n s 
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Q: Does arterial pC02 influenc~ .resptr_ator1 r&ff'I / , 

A: Yes, arterial pC02 infl~~J\C.H respir,a,torx rate -through the 1UduHary 
chemorefl Ix. 

pa.C02 

che1ore~, 

D 
RR 
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Q: Does arterial pC02 influence metabolic C02 production rate? 

A: 
:..:>\ 

Q: Does arterial pC02 influence alveolar ventilation? 

A: Not directly, hoftver arterial pCOZ influences rHp1ratory rate through 
the medullary chtlltOreflex and respiratory ratt influences alveolar ventilation 
through bulk gas flow. 

>,, ..... ~-

-· --

VA 
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Q: Does tidal volume influence respirator1 ~·~t,? 

A: Not directly, however tidal volume influences. arttrial pC0.2 through 
pulmonary ·ta• eacbMfe '•"4 tf"t1ir1a1 pcm '1nfirttnew·s· 1rflip1·ratory rate through 
the medullary chtmorefltx. 

y 
D 

YT 
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Q: Does dead space 1nfluence respiratory rate? 

A: Not di~t.1,y,. ~ve-r.,dead space cfllfluence•' alvn:fv venUlatton through 
bulk. gas ,no-, AJ•c>:lar V9ftt.Hatton b1ftuen.cu1 al'VeoTV'<fJC.02 tltr_ough lower 
airway, QU.1111~~ 1l~l1r pCOl;~inflU.ecH ;t'..-1-1> p'OOI' 'thttufh 
al ve,plo~.a,p.111,~r,v, cUffU!fj~n. od. •rter1a1 pC02 'twnlMH:elf irnp'iratory r'lte 
through . .;,fl, 4"pu.11vy ~-ef\H. · ' · 

~ 
D 

RR 

a-c difF\<:"D 

· ~ pAC02 
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Q: What is bulk gas flow? 

A: Bulk gas llow (gal. flow) ia I physical proGtss, 'l'tJI· f'tow df' Q.IS ·vol URS 
throug.Jt the tracheobr®hial tr .... It 11 a 1118dNUfflM CS'f· ~a~' tl• 
transport. ~t lltediO•~ the ,influence of, r.'tll;Jr&orr 'f'lwt•·· ·fffir11 'vol11Me ancf 
dead apace °" al'~Jar v..-tt<tation. · Incrnsitnt ,..,t;~of.y ratel '-fwer.,a'n 
alveolar ventilation. Increasing tidal vo1UM8 'ttfcrW._l"w.lveo-lWt 'Ynttlat1'on. 
Increasing dead space decreases alveolar ventilation. lite following 
mathematical relationships apply: VA•RR•(VT-YD). Impaired bulk gas flow may be 
round in association with COPD. For more 1nfor11at1on ••• Guyton pp. 484-418 
and West pp. 15-19. 

D D 
RR .,s is t r a.n s 

/ 

D ti 
YT ti\ 

D D 
VO VA 
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Q: What is ARDS? 

A: ARDS (adult respiratory distress syndrome, shock lung) is a 
pathophysiologic state characterized by impaired alveolocapillary diffusion. 

Q: What is hypocapnea? 

A: Hypocapnea (hypocarbia, hyperventilation) is a physiologic state 
characterized by decreased arterial pC02. 
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--- Start or Simulation ---
In step 1, dead space is increased as specified by the user. 

500 

VT 

VD 

9as •ixi~ 
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~ 
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' ; ·:· i · .. · ' ' "- . ,' .: ·~; "' 1 .•• 

In st•p t, alvtolir ventHatfon h ct.creased l1•· ,a\"°t-. tty;pOffftt11atJon] by 
increased dead space through bulk gas flow. ·· · 

--· 

s• 1ixi 

. ~-·· .. ,;. ·.~ --~· .. . •... . . 

VO . re 
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In step 3, alveolar pC02 1s increased ~1 d~cr.t!~t.ttc:t .~lV.fOl .• 1" y,~.n~ilaUon, 
through lower airwl' t•• 11ixfn9. ·· ,. · ' .·: :' : · . 
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Jn step 4, C02 exc.ret..1GA r~t.• 1 s dtar-.a..tt: uct.:. artwt a.1 f)t82 11· 1 nci-eiilell [1 e. 
'hyper~a9Nf.l bl, 1~1••• r1hiUlaf'.,.CO! ,~u~ l!tV.ldettJfl-'ltry, ~1tfits'1o1f:i 

·· .. ·" 
FI 
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In step ~. r11pir1'tor~ rate i& iacrused (ie. 1ty99rpnu1 ·and· tfdal volumt f• 
increaut ~Y 1n~reaaed uter1al ,CO! t.._,..ugtl; U• ilelittt1'll"f. ch•llo..Wf'ftx. 

s••ixi~ 

-~ 



A.SAMPLE INTERACTION 

In t;tep. 6, alveolar vantflat1on is incr1ts1cf towl'td }~or~.1 [i•k d:lllipish". 
alveolar hypovent11at1on] by increased rHpii"a'tOf') rlt't arid increased tidal 
volume through bulk gas flow. 

103 
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In step 7, alveolar pCOZ 1$ decre-~.ed toward noNRal lty 11\CJ'taaect alvectlar 
Y&fltilatiOn thJoOUgh~ lO•tr air~ay Q:l,& llb1A9, 
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In step 8, C02 e.xcret1on rat4t .. 1s incr~sed to~ar4 nor111,al. 14nd arterkl p002 1s 
decraastd toward 1ror11al {ie .. di1ft~n..1sh..IA J\1Jit.fCAJH\I.•}~ ~•Md al¥aolar 
pC02 throuvtw alveoloca.pilfary 1Hrrus·1on.: · · 

!if 1ixi~ · 

G 
f IC02 
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In step 9, respiratory rate is decreased ta,.~rd '11'p,r111al [1e. Jl1airi hb•d 
hy~rpnea] amt tidal volume 1s decrea~•d t•'i'.t'd JtO,,...a'.1. b,v clep-Hud arter1a1 
pCOZ through the medull ary cbemorefl ax. · ' 
--- End of S1•ulat1on ---

>. w 
~r;l 
a-c dif · · lfiJ 
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In step 2. alveolar pC.02 ts 1fierene().v inp,aa~.d f,It02 WO,Ufb 10-.r aif-•Y 
gas m1xin9. · · · )·'·" " . · , . . · 

c/T 

1(~ 
RR'~ 

500 

VT 
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In step 3, C02 excretion rate is dac~e4~e1Ca~d,, .ar~r~~l ~. 1,s incraaae4 [1a. 
hypercapttee] try 11tCr&tStd alvaoh:r pC02' throu'gh llv.Olocapil lary 4iffu•1oo-. 

500 

l/T 
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A SAMPLE INTERACTION 111 

Ordinarily, respiratory rate would be i1tcrelted- Cf•· hyperpnt1l &ltd tfdt.1 
volumtt. weuld· be incrHHd DJ iactt .. M~ aPHrli4 Jtlt' tll~~u.9~. ~.h•f.·'.'8dut.1try. ;· 
chemorefl ex. But in step 4, the medullart;:,CllMl"ef•••.:.~r · 1"flafrf4·:and ~:ctnttot 
mediate ttlt influttct ef tacr.eatff ll'tt,1U~•pft2~ ·ffief"•totie riapf~a~~~Y -~•f.• 
1s unknown and tidal vo1Ulll8 1s unknow•. ·" "',. · 
--- End of Silftw\ation ..... 

8 
VA 

,~- ·-.~· 
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--- Svmmary: Start or SimulaUt~.,~--
Step .1: ,JI~~2 ii tncrea!,d •'94 i-• mtdul 11ry, clJemonnu h 1mpa1'td. 
Step .2: ,Alveolar pCG2 1• 1nC,,HH~h 
Step 3,: .C02 e~crttion ~ate l• .. dec;11Hd 114 1r,1t1al pCOI is increased [te. 
hype~cipnta]. · · · • 
Step 4: Respiratory rate 11 unknown and tidal vo1Utl9 it uakwown. 
--- End of Simulation --- -~ 

VT 

P.1CG2 

- !)_ - -

.................................... , .......... -t ........ -·-·····-·-----·l--·---·i:~:~-··-··-.. ~-··--··-·--
1 - - - - - t - - - -.~ -

........ _ .................................... +. .. ---·--·-.. -· .. ··--+----· .. ···--·--+------· .. ~··.: .1-·~ 
nco2 

VC02 

., ·.,.,., 

~ - - - - ~- - - - - - -i- - - - - - + - -
... :.: ... , .... -. .......... -•••••oo••••oo~•oo•"""\;••••oo••oo•oo••---.. .,.,,,..f, ___ ,.,, __ .,,,,,.,.,.,, __ ,,_,+-...... •. •"' 

i i i 
• t --- - - - - • - - ~ ~ ~ -' ! 1 . 

...................... _, ___ ,,, ........... .j.. ...... __ .. _____ ................ -1--....... ,_, _______ , .......... --~--···-·..: .. :... ................ . 
i I • 

pAC02 

1 3 
STEP 
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The following are the educational~¥~ ~wen assiaament., an,htuii which 
were distribllt*l to the New Padtwaystudents. ttilltj,' anthtaff' as ~·ottfu: · prdifninary 
evaluation of KBPMS. 

Educatioal ObjectlYes 

The goal or the Respiratory Physiology Vt.1 model 11 to 
provide a medium for exploration of stltcttd aaptcts of carbon dioxide 
homeostasis by the respiratory system. After ua1ng this modal to carry 
out an appropriate h011eWork assig .. nt, within the rr ... work of a 
comprehensive human physiology course, students should be able to: 

1} Understand, define, and appropriately use the following ter•s: 

a lveo 1 ar pCO ( pAC02) 

alveolar venlilatton (VA) 
alveolocapillary C02 diffusion rate (DCOJ) 
capillary pC02 
C02 excretion rate (VC02) 

dead space (VD) 
fractional inspfrtd C02 (fIC02) 
metabolic co2 production rat• 
arterial pC02 (paCO.Jl 
respiratory rate (RR) 
tidal volume (VT) 
alveolocapillary diffusion 
bulk gas flow 
circulatory C02 transport 
circulatory flow 
the mtdullary che110raflax 
lower airway gaa •ix119 
pulmonary gas exchant• 
pulmonary gas transport 
pulmonary ventilation 
respiratory control of pC02 
tissue-capillary col diffusion 
alveolar hyperventilatton 
alveolar hypoventilat1on 
hypercapnea 
hypercarbia 
hyperventilation 
hyperpnta 
hypocapn11 
hypocarbia 
hypovent 11 at ion 
hypopnea 

Z) Understand the input/output relationship of metabolic C02 production 
and respiratory C0

2 
excretion. 
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3) Understand the feedback loop which governs respiratory control of 
co2' the role of the variaous physiologic parameters and processes 
which comprise this loop, and the central importance of paC02 and 
medullary chemoreflexes. 

4) Understand some potential sources of dysfunction in respiratory 
co2 homeostasis and the clinical situations with which they may 
be associated. 



EVALUA T10N INTSTRUMENTS 

The Homework A~lpmeat 

From: Or. ~r~ta Kt*IMrict 
To: New Pathway ltuwau 
Date: Januarf 10•·1 tOlt 

Robert Kuna t .. tter. M. 8. • worU,nt •ttll Get• Hh•tt and tht 
Lab of COlltpu\er SdelCt at M. I. T. Itta ,,.,.,._:: •r t•lrntfiJ '•du le 
about carbon d'oxtdt,IJOM01ta111; fer. , .. ,..,aut~ -,.,,,;b• fft' 1s 
that this is a very good exuiple of th• u11 of a COllPUter at 'I" 
learning tool. I ask you therefore to part1C1P•U! 
enthusiasticaHJ - tn \H '•Hnt•t ptttih ;,'.At-tb~~ ~;..ir,• '"-ft' 
convinced thO tit• PNt"•- ts unfel~ "Wf Hiftrifo-iH~fMI tltt1 
intuition, and O.tt4L•t ;•nnr tn i''lct0tlfs 'tff'dft'ta'lff u1,r,u1 ·to 
™· First you .,u.1 wof'k. a •'ll•••tt* ...+cf!H"l:fft•iltif 1illn.' 
Later (on Tu'44U °" Wedn..ov. ...W. -,u14,~.:197ttNre 'tHll te - I 
take· home "qu.ii•. ' · - - -

. : ;, . 

In order to find out to what extent the computer progr111 11 
convenient and useful, and to what extent 1t actually a1da 
learning, I want you all to perfoMll a sp.ctal studr 11119n .. nt to 
explore certain aspects of carbon dtoxidt h .... 1ta1f1. Tile 
problems to work on are obviously a subset of the work 1ou are 
doing in respect to th• c111 of Mr. Allen, and cloaely relate to 
the respiratory laboratory. Thus consider eacll of the following 
questions. Rta11z1ng tht pressure of work, I 19 not asking 1ou 
to write up anything for this assign11ent, but pl•••• g1ve it 
careful consideration nont·the·les1. In addition, please keep a 
record of the amount of time you devoted to various rHOUf'CH 
(textbooks. lab material, c0111puter program, journals, etc.) in 
do~ng this exercise and hand this in to 11e. 

Please consider the following six queat1on1: 

1) How does the respiratory system respond to changing a110unts 
of carbon dtoxidt in the body? 

2) What physiologic pathways ••diate this re1pon1ef 

3) If C02 h0tneo1tasi1 ii viewed as a feedback loop, what are 
the sensors, effectors, mediators, and setpotnts of this 
feedback syst .. ? 

4} How might the pathways of C02 homeostasis bt disrupted so 
as to i111patr this physiologic response? 

5) What will happen to respiration tf 1ou rtbreatlte from 
closed bag? Consider a bag that initially contains 10 L 
of room air. Consider the changes in 1ta vol.e ud tit• 
partial pressures of col and oz. 

6) Why does ventilation increase dur1n9 exercise, and 
what effect w11 l tttts have on alveolar gaa ten1iot11? 

Now, regarding the evaluation of tit• cQt11Puter proor .. as a 
learning tool. Only half of you (Groups A & B) will be given tit• 

115 
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computer program at this time. I ask this group . tc, . ,u•• 1t 
axtansivaly as an important learning resource along: witb' your 
texts and laboratory materials. I ask both groups to 
thoughtfully go through the abo~e homework exercin°. '" Git fdtdtf 
or Wednesday everyone will be given a take-hoM "qwf~ .,.tctF it 
intended to evaluate tbe your onrall unclerstandt.,.~ of: CO 
homeosatsil. This "quiz" should be done cloHd·boolt and slloul~ 
take no ·~rt than 1.J ,IJHrf ff '"' iAtltt.- ., It tii!ll tt· 10" "1tay 
influence your ov1raJ) eva1wasto1, t"'·'tU1 co•rt1:~1 Fen•t•t ;tit· 
"quiz", the otattt hdf of,,.tlte 'claaa w111dtaH accetl' ttt th 
computer progrq.' · 

If you hav1 any qu••ti9's coacerniat tlte v .. el tlN c.,...uter 
program, pl9aae coat.act AoNP~ 5unataeuer •ta .._.. Oft oell 
him at hon.a •. ~,, Your,,:f¥•i.t,uea of"t.IM pr.- ,ft cf!U•fal t'O 
our continuing, ·•lfer.,t. ~ MCiv\fM:;1-afllt"-'·'....Ul!CM Of.t.:tflft ·'1P9· 
Everyone s11ou14 sut>ttit .. ~.-_,_., tof '*- pr..-'¥ c "~t'f'e"f'W, 
weaknesses, · and suggest ions for specific cllan911 to ':or. 
Kunstaettar via HP-Desk. 

'i' 
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TheQulz 

Please work alone and w1thout notes, books or use of the 
computer. Complete your work w1th1n t and a half hours, i.e. 
about 10 minutes par question. Pl1111 answer each of the 
following questions in one or two paragra,hs: 

t) What is dead space? 

2) How do tidal volume, respiratory rate, dead space, and alveolar 
ventilation interact? 

3) What directly 1nflu1nc1s alveolar pC02? 

4) Arterial pC0
2 

plays a central role 1n carbon dioxide homeostasis 
by the respiratory system. Explain. 

5) Does dead space 1nfluence respiratory rate? Explain. 

6) What would be the consequence of impaired medullary 
chamoraflexas in an otherwise healthy individual? 

7) Describe the physiologic events which would take place if 
a healthy parson was to breathe air which had a higher than 
normal concentration of C02• 

8) A patient in the Intensive Cara Unit ia intubated, paralysed, and 

117 

being artificially ventilated w1th 301 02 at a rate of 18 breaths/minute, 
with a tidal volume of 750 mls and a dead apace of 200 ml1. 
His 1 ast arterial blood gas showed: p02•70, pCOl.. .. 30, pH•7. 51, (HC03]•23. 
You are concerned about his respiratory alkalos1s and borderline 
oxygenat1on. You can control the patient's tidal volume and respiratory 
rate by adjusting the settings on his ventilator and you can control 
his dead space by adjusting the length of tubing connecting him to the 
ventiltor. You consider increasing bis tidal vol~ to one liter but the 
respiratory therapist on duty r111inds you that the patient ltas severe 
emphysema and that the increaaed pra11ure 11i9ltt r14ptur1 a blab in his 
lung and cause a pn1U1110thor1x. What else might you do to decrease the 
alkalosis and incre111 oxygenation? 
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EVALUATION RAW DATA 

Appendix V 
Evaluation Raw Data 
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The following are the smres of the two groups of New Pathways students on the 
evaluation quiz! 

(all scores are I) 

Experimental 

-------------------------
Student ---> 

Question Type --------
1 

2 

3 

4 

6 

6 

7 

8 

All Type I 

All Type II 

I 

II 

I 

II 

I 

II 

I 

II 

All Questions 

1 

50 

20 

76 

100 

100 

20 

90 

100 

79 

80 

69 

2 

90 

100 

50 

90 

100 

100 

90 

40 

83 

83 

83 

3 4 6 

90 100 60 

20 90 100 

75 100 75 

80 100 80 

50 100 60 

100 60 100 

80 100 90 

60 80 80 

74 100 88 

66 80 90 

69 90 78 

Control 

-------------
8 7 8 

100 100 80 

20 20 90 

100 60 50 

90 100 100 

100 80 60 

100 100 100 

90 90 100 

20 80 20 

98 80 70 

68 75 78 

78 78 74 
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STUDENT COMMENTS Ul 

The following are !Dile of the New Pathway students' comments regardina KBPMS. 
They are un~·~cept·dalt tfae stu,tlen~··-~~n~~. · '· 

" " . ,t. 
i ~: '· ;·: t ?, 6 i ' '• 

KUNSTAETTER,Rtl!R·T I Nfll1, ~. tfPpJ'Sk' ,tH~·. ------------ ........ ________ .... ---·------ -~-----
. ri ~;. 

Message. ~. 'oatld; O~ttel•• at llt~. 
Subject: Co11put1t tHCll tng :: ,. , 1. • , 

Th• co2 pr.•. 1r .. ':le1de.d ,•t.tiiout., a lttt .. ,c.,ft ;:· <;•4- ~!~qu~ '.ii.' 0@r.09r-.. 1t.Hlf. 
I spent about tWd hours :r.unntn, .. t~~ R~Ott'8b "'d 1LRM'~"''-•U1 
satisfied :wfltrt tlN :ut0flft.•.'.t I·.· ~H"·.~ .. f•~·. ,1t~ i. f!•.-~~~· ... HoV.••\t '".• · 
explan1t1on·wft"'~·~z~9; .,,t ·~· ,,;;t .. l•gf"l.r!tN\lf ~.t~ ·~ •l4. · 

- - - .·, ·.- Ji ; .. ',, ~-)~-'.-" o,•f ~~,,; ~.: ';: 

I first sitent tiM 1n ··~ ~_,·~•liat1,oll.\.~~t14nt,;~~t1.&f,~~.tff to 
the terms. ~au tt•~tti~.s .. O'fl 'trr.. ·.".·~- "cftagr:iui.~: ~·~~\,It. •C1,,arcft.¥ 
of proCHHI N• 1•9"t!'fl\tF l ~f'I~ 'f~to ~J' ll . }N,Juld~ 
of 1nterra~tiorMtif,_ ."•PPWd .out ·r1~,. ~11,~1 , ' •• ~:L~,~~1~ just 
1sn't comp11ca~ecf •~tit _ttj'f, ~'ti t1> b•. ~., .Jt,,.r~t.: ~1tM,l~ •lr_..., . 
understood a M.fOi-ttf Of*· twt; "~.~1ons~,ftlJ1•0 . ~,~},,~~At•~>._. 
other stffllf"f ·into:- t~·~•'< .~1kW'. 02,,;ptt; i 1~~r,,Jnfl ~~~O:ll•fie 
homeostastt, tttE•~•'d·W\'11tfn,t a,, u.~l.!l'~.if!.deJ~~; j .,(• . 

•, . - :., (• • ' ' .• ' • ·. ... ·: ·; i '' : ' 

Thi simul atf&M are' ~i-taa~f't't1!'9~ , r1rn~ ~,,qu ean .. • t •• tifl,~~~nl~tJtOlOU 
because 1m,-fNftW ~ ~~o~~! ~nt!p1"l"~pts tYtl JJtJflaU9~ if tt.,'.•. 11t the 
path of ttt11toe1, 1 a~d- u· !"•- p~oe~ar 1•r:Y )~ ~Jte .. fft~ ~f, f:~~pgH, 
impairing tt doei' notlt~~9'· .;.ucond, tilt. ~11]~9 ~en.~ •v•ttt•lv•· .Irt . 

. • .. '. _;,. '-~ '. .~-~·'. i\f'i-1,~~ -~-·- ,: .._.;>: ·~l · l 

This proved te be 1'•s1t4it0ly d11appetnUng ahir entir1ng •P•f~ftc 
altered values. When I tried altering C02 productioa values, ft 
was happy to call both .0000001 and 100000 nor .. 1. 

In the final analysts, th1 progr111 was really .,.aut1fu1. but I 
think I soaeone could have explained everything tttaught .. in about 
ten mtnutH. 
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KUNSTAETTER ,ROBERT I NP/1 - lllPllE~ PfMt. --------------------------- ______ .;:''./:,; ~·~,~~ -~·:; 

Message. Dated: 01/23/81 at 1004. 
Subject: reap prog 



STUDENT COMMENTS 

KUNSTAETTER,ROBERT I NP/1 - HPDESK print. 

Message. Dated: 01/23/88 at 2358. 
Subject: Respiratory 

I finally get to you on the Respiratory 
program. My initial impression was that 1t 
wasn't particularly valuable. I felt that the 
model was not teaching me anything that I didn't 
already know and that the format was soaewbat 
forced. Then I finally found the time to take 
the exam, and here are my new tbou9ht1. 

First of all, I was irritated about hav1nt 
to spend th• time on the ex.am, but it turned out 
to be a wonderfully integrating experience for ... 
It forced me to organ1zt what I had learned and 
identified what I had not. Int1restin9ly, 11 I 
thought about answering the questions, the ataula· 
tion diagram k popping in my head and 1t helped 
me to very clearly plan the flow of •y ideas. I 
now realize that the repetition was more valuable 
than I had suspected! I was unclear about th• 
role of peripheral che110receptors, however, and 
am not sure that they were includtd in the progr ... 

Learning by computer certainly 11 fun aad a 
pleasant break from the more passive reading. Good 
luck in future d1velop11ent. It is unlikely, however, 
that any given program will be equally helpful to all. 

UJ 
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