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-~ ABsTRACT -

This paper descrlbes deslgn Technlqucs for;generafive compufer-assxsfed

- lInstruction (CAl) systems. These are systems which are capable of generating
= problems for-students and deriv.ing and “monitoring the sclutions to these -

roblems. The dtfflculfy of the problem, the ‘pace of - lnsfrucf!on, and the
epth of moniforing are al'l +aflored to- the" individugl- student. Parts of

E erso(ufjon algorofhms can also-be ‘used to-analyze an. nncorrecf student - _
esponse. and:determine-the -exact-nature of- +the: sfuderfls error In order To -
Upply hlm wlfh meanlngfu! remedial commenfs.f,,s' - :

A generaflve:C : sysTem whlch Teaches loglc des!gn and machlne— S
; nguage programmlng wcll ‘be dlscussed. Thls CAI ysTem ‘covers the mate
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 INTRODUCT IO ‘ :

Over the past two yéars a set cf three compufer-assisfed lnsfrucf!on

(CA!) sysfems has been deslgned around an :nf.oducfory course in ccmpufer

sfudenJS.

if is a!so Taken by sTudenTs ln ofher deparfmenfs uho wish +

7 The firsf sysfem, COMSEQ, (Koffman

L977) lnfroduces sTudenTs Toifh




. .

These sys?ems are orien*ed fowards feachlng problem solvung and ass!sf

fexfbook (Bcofh 1971) The firsf Two sysfems have been used exfenslv iy

Sysfem) fime-sharinr s”:fem.; Sfudenfs ar




,:;‘TO con*enfrafe on The more- ccmplex aspects of The problem.

The Third sysfem, CAILD Is capable of Heguggsnﬂ any c!rcuif thch The

,:sfudenf has designed.r He musf specify The !ogical equaf!ons which descrlbe

hJs c!rculf in Sum-of—ProducT form. The sfudenf loglc board is aufomafically

7monl+ored. In addlflon, t




ablltfy, manipulaflcn prob!ems test hls grasp of “the fundamenfal skllls and

fechniques graphing problema test his basic undersfandlng of graphic mefhods

and abslify fo plof equafions. o
Chapfer seven !s a forma! model for problem generaf:on and soluf?on.
- ; rob!em generaflon ls descrlbed as orlginafing from a semanfsc nefwork -

- Qul!lian l969). Thls procesc Is an exfenslon of Carbunell's work fo o

urlsflcs.r Problem solufio
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5clec+ln3 concepfs f
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,prOblem.

-‘Zu

A smal( Increase in LEVEL (. 0’ to 128) oceurs for each correct

nf!er and a small decrease for each incorrecf answer. The sTUeenT s LEVEL "
Lg a conce Qte aines the dlfftculfy of The problem generafed and the 7
‘amount of Interaction’ he:recelve;'dgrlngz1+s:solu'Ion. In calculating The;i

Welghfcd average'léve[‘change, the MOST receh+=chance in a concept's LEVEL

has the greafesf effect. Normally, The number of préblems generafed In a

concepf area for a sfudenf who ls performinq well s around Three or four. -

In addlfion, The sysfem ls supplsed wlfh a ccncepf Tree which lndlcafes

The decree of complexlTy (plafeau) of a cencepf and ifs re(afuonshlp wlfh ofher




| STATE TABLE - | ] wWORD PROBLEM | | SEQUENTIAL
© TO SEQUENTIAL T} 70 STATE CIRCUIT
CIRCUIT || TABLE | ANALYSIS

1 swee - | [Fuip-riop mvawvsis)

PLATEAU 6

]

1 FLIP-Flop o o = -~ N VUJS'
0K, or s § f T T T | PUATEALS
) | FUP-FLOPIOESIGN |




Each student Is assigned @ master average when he first logs onfog*he

CAl:syéteﬁ, fhiS’COuld be a function of his 1.Q. or class sTaﬁdinr (In the . -

past, each “student has been arbifrarlly assuqned an intial mas Ter average 7 - 'ié

vl

of 2) This value changes as 'I'he sys*l'em galns “experience wifﬂ‘sfudenf.

A sfudenf's master average. confrols The speed wtfh thCh hr lJmps

from;one plafeau'of’fhe concepf tree To—*he hexf. ln'order o jump_ To 1he ) - f &

nexf hlgher plafeau, Tho average of hIS levels of achievemenf In al concepfs

’ af and below The currenf plafeau musf exceed his masfer averaﬂe. Consequenfly,

iiﬁ, The iower a sfudenf’s masfer average, The fasfer ﬁe Wlll proaressf Each
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The highest scoring concepf is selecfed for presenfafion to the student.”

0 B
BN N e
»

The Sfucenf always has the opfion of veTc:ng this selection and checosing -

““his own concept-or accepting The,sysfem s second” best chelce. . - -

!f The course-aufhor tS*ﬁGT Saflsf1e *h *ré*ﬁanner in which the -

sysfem 1Is selecfing concepfs; it is relafively easy To modify “the concepf o -
r:;iree gr changq*#he:wetghisiasgoq}afed;wnfh each injbe fgchrs?§f£§9+{ng -

7 %5iébn6ép1féélec¢16n;':Thé ébnce§+ Seiééfdr:iSTEomple+oly coufseiThdepénaenff; - o ;’Z

,fConsequenle, it can be- used in conjuncflon with anofner course if it Is-

NWW&\E
Al gy

‘u};*‘ ‘ ‘ “ s

U b

B
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_ TABLE 2

Sample Student-System Interaction

Derive the truth table for tﬁe sequential network
- which yields the following state table.
Icunmmlmpm-m |
- - - J STATE |X1=0 X1=1| -
1. e Jez/0 a1/0] -
L “|ai/o qo/of R
I a2 |ez/0-eo/0] o
| @3 Jeoro-qzro]
- |nmizosTate| ,,
| -ovreur]
p-Flops. - T




"iZf

TABLE-2 centinued
The next state for imput X1 = ¢ is Q2
This corresponds to Y1YZ = 1C

Wnat is the value of the cutput? i : : : Sl

P

mpemT Lo o

T

Cmpedns2 T
- Type in R2

0, R2.=5 (Di is a 'don’t care:)
joutPUT| - B

ng the' truth-table for S, Rl; $2, R2:

nlsh gjsj;r ;hg:—;qgni 7cfdriﬁ nuéi:mih;({é’j: fé’rj& “mi n'{:}r!;;—z’fe: 7 —Ehé 7 c;dmb’ Inatlonal

T
%
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.C. Problem Generaticn and Soluflon -

i

As can be seen from the concept tree, there are nineteen distinct concepts

W egtonv
il

- covered by COMSEQ; éssoclafed with each ooncepf:ls a prcblem generafor and a

= solution algorifhm. The prcbiem generation routines are Very much lnferre[afedf

”in Thaf They share several common subrouflnes. The subroutines are of Twoi

baslc Types. The first #ype ls*drfven—by a probabilisflc decisicn table. . All

*’of The dectslons whtch affecf problem complexlfy are ldenfuf:ed and comprlse :

e rows of The Table.— There are. ntne columns as. There are af mosf Three

7<2 2—3). In Table 3, The enfry ln row 2 column 8 means Thaf The probablllfy

ghTrof The arrow. The Incomplefe logical expresslon ls scanned from leff

: ighf for non-formtnat symbols (A *).7 When The non-Termlnal synbol A

'*7 7b:érepresen+s The probabll)fy of Increaslng The lengfh of The

presslon where R =T o

RO

’ ;Ea('lf):




TABLE 3

Decision Table fer Generating State 7able Froblems

Level Range

L0 RIS O S
lumber of states(2]4|5-8) 17 ! 3jeh o | .5 .5,}§ 0 i 0 gl -
Number of imput bits (0|1]2) 2 i.s slel[ 0] .5].5;".5 EREE
Output (absent |present|-) . 341 ol sl s 2 e |-
pw/ 1 2 3 & 5 & 7 8

P ,”*_,,, (rm:‘
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where n(t) Is the current length and C is the number of variables In the

- expression (C > 2).

,Slﬁée (Pa;+ Pb) Is Inversely proportional to the current length; the - -

- logical expressions do not becoﬁe unwleidy.’flf,fhe random number generated

;74nd!ca+es that the expression should nof be exfended one of the Term!nal

f£§¥§ymbols {P Q, R S} replaces A 7 - . T

;,!f,ihe nonﬂTermInal'symbo1 Is *,-one of The f!ve logical operafors

. A—,' 5’11, .} replaces 1. Pé Increases wH'h LEVEL while: Pd decreases.

can be %aquéf;rrythe ‘fv;fa,y of error analyg ;—:e;,;, : j}n;}ﬁg j,e;a;mp;fe ,p,rdi tgmi—,sﬁawh} In

I wh!ch must be p!cked up In palrs ("Z-SQUARES"). The only requlred pa!r*{;,

) cons!sfs of minferms 8 9 The oufpuf shows The remed!al response g!ven To a




PROBLEM:

-6
_TABLE 5

ANSWER ANSLYSIS IN thNAUGH MAPS

Minimize a function which has 5, 7 8, 9 13, 15 as rpih'l'erms pé!ng
the Karnaugh Map method.” ]
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-~ varlety of student errors. It Is produced by calling the parts of the

- solution algorithm which check for 2-SQUARES and 4-SQUARES and analyzing

the re°ulfs - - - e - : - -

Response Als. proviaed stnce mInTerms 5 and 7 as well as formlng a

vatid 2- SQUARE are also parT of a 4—SQUARE This group of 4 (5, 7 13 15 )7

Is, of course, preferred Response B resulfs s!nce no valld 2- SQUARE exasfs

wh!ch confalns mlnferms 5 and l5 Even Though 9 and 13 form a valid 2—SQUARE

?%:each of These minferms Is atso found in anofher 2 or 4~ SQUAPE Hence, The
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11, The MALT System

[—
ol

Ll

A, Overview - : - - . B

S - The subject matter of MALT Is somewhat™ d1fferent from COMSEQ and . . - , T ,;,:
-5 . ,

= ~CAILD. In that 1t teaches machine language programming. waever MALT -
3 §§ does uTIIIze several of the concepfs from COMSEQ in- the problem solver I

?5' £ - -mode to slmulafe the execution of a sTudenf -program. These include The

i
B il
I
I
Ih
I
0

- ;aéeconcePTsfdeaIlngkwl%h ocfar*arffhmeflczand'logtcalzéperafibns. =T e ,55§ .

ngfhy and complex programs., ThIs |s The key

?7c+or::hlch enab:edrfhe—deslg —of’fhe MALT sysfrm. -
The concepf rouf!ngg, eracfzwlfh The sfudenf during the design of hIs
7iso|u+ton program.f They soLIcIT program sfafemenfs from hlm ‘and presenf =

:remedlal feedback—1#~hls response Is Incorrecf Flgure 3 Isa block dla

informaflon.




b . ' - -i9-

L ) — o :Prcgraﬁmfng—Prcblem - .. LT
I Problem

: =T Cnncep'f Sequence - - ]
- Generator — , B

Logtc L Log!calf e

S

T
| - sub-Tasks _ T Yo
- = Genera'for B s : D
N

‘ Paramefer - o
W o
Y L ;

 Flgure 3

R

TR .
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-

The previous student performance determines what type of problem will be
7rgenera+ed. Th[s problem I's presented to the student In natural Ianguage
and also passed on to the system as 2 concept sequence and parameter |ist.
Next, a [lst of loglical sub +asks for each part of the problem is presen+ed

"~ to +he student. The system represenTaTIon of +h|s *f low-chart" ls a

;5 sequence of calls to concep+ routines. These concep+ rou+lnes solve the
programmlng problem and In+erac+ with the student to mon:Tor his solu+lon.

As the s+uden+ under+akes each sub task In +he programm;ng process ‘a 7 S - éfi,

- correspondlng Concep+ Rou+lne ls en+ered by the CAl sys+em whlch guldes

'+he s+uden+ +hrough the cons+ruc+lon of +ha+ part of his program. Durlng
+h|s phase,

whlch “he recelves durlng +he deslgn of hls program. ;1 . T i%

E Tab!e 5 provldes a ccmpleTe example of the cpera+lon of MALT, The -

commen+s ln square. brocke+s have been added +o clarlfy Th:s example for

anyone n0+ famlllar wl+h +he PDP—8 ins+ruc+|on se+. Each of the 4008 memory

reglsters is 12 bits Jn 1eng+hw The first cctal- dlgl+ of an lns+ruc+lon ls

the operation code. The rastrthree oc+al dlng?”speclfy;The address of The




— e e e A

"= 2) initialize a ctr with the value of -20(octa1)

—7—6) Update the - ctr and 1f 1t is. not zero, Jump back to start of 1oop.

~2)-

‘WMALT In Operation
TABLE_G

“Your problem is to write a program vhich will:

‘Read in 20 (octal) ASCII characters and store them in registers 232 through 252.

- Form the sum of reglsters 232 thru 252 in the accumulator.

If this results in a non-zero LINK, stop with the (ACC) 7777, otherwise stop
with (ACC)=0000,

-Is this problem OK?
_yes : -

Here are the sub-tasks for the 1st line.
©.1) initialize a ptr to- register 232

-23) Read in a character.
). Store it away using ‘the ptr.
-’5) Update the ptr.

UB-TASK i:

- 57 - o e
57 can't be used as the ctr value. Tny'again!'




N 01 e ¢ b 1

[epp——

Q;SUB-TASK 5: S ]

T MO13:

~22=

SUB-TASK 3:
First, check the reader flag.
Moot :

5031

To!

To check the readzr flag is 6031
Next, jump back 1 register is it's not ready.
H005:

- 5004 [JUMP to ﬂoouJ

Yow, operate the reader,
M006:

- 6036

_ SUB-TASK 4:
- H007: e .

”3376

,,Wrong'
- YDCA I PTR" is 13776 [Thls should be an 1nd1rect de0031t]

ﬁ/,update the ptr.

- fi;starts in reglster 004 so 1t 1s 5@94257' '73

it: hzeaptv %o register 202 |
3 B il ey the 7val\71e Of -20(octal)*

f ;4} Update the ctr and jﬁmprﬁack 1f the ctr is not zrro.

< -.GUB=TASK 1:

egister 377 already contalns the ptr value, 0232, so use it
pEr.
ow,- get the ptr Value

1377 ) : : S

" Bnd deposit it into the ptr:
- MOlY:

|

3376

Sub-Task 2: =
We can re-use 11375 as the ctr value and 374 as the ctr.

"~ M375: 77607
First, get the ctr value:

s -

with 14376-as the
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operand. |f this Is a number :_4008, the instruction is an indirect address

instruction. In this example, indirect addressing is used in conjunction

with a pcinter to enable an operation ‘o be performed on a group of ad jacent

- registers.” A counter is used to control the number cf times the operafién

Is performed.

o ) M377 stands for the memcry register 377. The student's program starts o

at M000. The first character of each student response Is underiined. The

dialogue shdwﬁris that which wculd be recelved by a begiﬁthg student. -

= = 4
-
!
r
S —
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B. Problem and Logic Generaticn

Each programming pretlem can bs thought cf as censisting of three
-distinct phases; an input phase, a:prccessing rhase, and an cutput phase:
There is a set of problem primitives assccie?ed with each. A problem

- primitive is a parameterized statement. .4~ = {1 P U0} s the set of
problem primi}lves where 1,P,0 represent the set of:jnpuf, proceesing;
and output priﬁifivee,respecfively and:4§;)is fhelr unfon. The nuil primffive

~Is also an element Of'l,P,O;fconsequenle, many problems will have fewer

s fhan Three ;hases; o - o ) L - -
:;5,7 - There is a funcflon d- def!ned cver The rea! numbers .rcm 0 to 3. 0 such

Thaf d(e) is the subsef of,fs which may be -used in problems for a sTudenT

7 7+ Temenf, ’I’ ls sete ed,ef ranﬁcm frcm The sef of eilgible inpuf prim}

"Dﬁe—of—fﬁese% PJ ls sclecfed a+ random and This process is repeafed to se!ec+
;bK§' A final check 1s made fo determlne Thaf The prcb'em is sufficienf!y

1{ff,differen+ from Those alrcady wcrked by This sfudenf and then The values of

paramefers In +he se!ecfed primlf.ves are. randcmly generafed. 1able 7 fi‘ ;5 é -

glves an example of eomeiregulfing prob1ems In order of increasing difficulty. .




A A s o 0 0

[

Note:

25~

-~ TABLE 7
Sample Problems

All randomly generated parameters are under!|ined

Level Range 0-1

them- sfarfang in locafion 120 o ’; ] L

5ﬁg9e1'Raﬁg§ -2 -

’,Mulflp y The confenfs of reglsfer Zle
"’3|o. c 7
—:Finally prln+ ou? The 4-dlgl+ confen?s of The Accumulafor. : 7

vel Range 2-3 R S - 7ﬁ - - - -
:and The ocfal confenfs of Thaf regls?er. . -

fenfrles. - . - - B
Search the table. for the symbol "AN" and- refrleve the corresponding

Add the contents of reg:sfer 150 to the contents of reglsfer 167.
- Print out the wessage "HELLO".

Read In a series .of ASC-!1 characters ending with a * and store-

Read In 31 ASC~ti characfers .and store Them sfarflng at locaflonj

}Qg;' Search- reglsfer 300 Through 330 for the largesf number.,f -

y1+he confenfs of'reglsfer

Search regisfe S l60 Thru 205 for The ocfal number 72l5

=For reglsfers l60 Thru 205, prInT ouT The regisfer number, 4 spaces,

: Asaume ‘a Table has been set up sfarflng at locaflon 120 consxsflng

of a 2-charac+er symbol followed by a number, there are |Q of These

number. If It is not In the table, “then hal+ tae program,
Finally, print out the 4<digit confenfs of the Accumulator.
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Asscciated with each preblem primitive is a string of two digit numbers
called The'concepf sequence. _This sequence indicates which of the thirty-
_ five basic concepts of maehiné: language ﬁrogrammlng'musf be,performeé and in
what order to program each primitive ccrrectly. The, average nuﬁber of concepts
needed per primifive Is slx . : 1 7

i: IR Each primitive is programmed separetely ; hence, the concatenation of

[
I

P - - - the concept sequences for eacﬁ of the three selected primitives Is the ~ : - <

. cencept sequence for the complete problem. This sequence s"ecifles the form

e whlch the sfudenf's soluticn must fcllow and 1Is equivalenf tc a flow-charf.

ZQTfVIT Is Inferprefed by the LOClu GENERATOR an¢ printed as a |ist of sub—fasks

’ Vprior to prcsranming each,prxmifive.r,Table 8 shows The concepf sequence

The ccding of each sub-fask is mcnifored by The concept routine: In‘+he - - é

lsequence respcnsible for Thaf su’~+ask.' If The sfucenf's LEVEL exceeds The

fgeneraflon Threshold for The reuflne, the coaind fcr The associated sub- Tasks

;7(or seQUence of sub—fasks) is provi ed by dALT. I'f The student’'s LEVEL Is

V;ii'lvery iow, he is led by the -hand and program sTaTemenTs a-e req4es+ed one aT a

ot o o o]
i

b I
i




Coucept Sequence:

The “I" fblldhing,concépt 15 indicates this subtask should be

perfo;ﬁedlinaireétly.

it |
1"
et

s Mmoo
Yt b

Pl

lcon;épt ﬁbuti;e
o3
07

27~
TAELE 8

Concept Sequence

23240715103 232410 18

The spaces:indigate the end of a problem primitive 7

§ub-Ta§k,

Ierminatg a 1oo§

~- . “Store th

-~ “Check Iink status

Input ASC-II Characters

~adjacent Tegisters

-2ccumulator -contents in-—
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- time. The intermediate student will normally enter a Qroub of program state-

ments at once.

. Several conventions have been established to facilitate the generation
& .- of program segments and monitoring of student programs.

All user programs

begin in location 000 and all:progrem’consfrenfs ere:placed am The top of

2
=

memory beglnnlng with location 377 and proceedlng downwards. The mlddle

areas of memory,

Iocaflons 120 Through 350 are reserved for Iists and Tables

“to be used by the sTudenT’s program.

“‘4

L g

The exnsfence of a program loop Is assumed by The sysfem whenever a -

I pounfer or counTer is inifiallzed. The physical sfarf of The Ioop is The

oy g R

- firsf memory rngsfer afferrfhe‘in

At A

?desfrucfive load insfrucf!on.w Hence, The accumulaTor musf be cleared brnor

'To Ioad!ng IT wifh a given number and musf be reloaded affer a number has ’

- been deposITed In memory, 1t The number is sfnll needed. The sfafus of The

= - accumulafor 1s going fo defermine whlch of several alfernafives Is to- be -

ot ]

pursued by cerTaIn of the conc=p+ roufines In The design and. checking of a

rjprogram segmenf.

[ p—.
i
|

A complicafing ‘acfor ln defermining accumuldfor status Is the exfsfence

y . ! i . " ' "
o b A e ot . A o, 1 1
Wt

of loglcal branching or program Jumps. The accumulafor status may dlffer




R UL R

e b

b

P rl«

- the concept rouflne to be reached. When this concept rouTlne is funa(ly

7 '—proorammed MALT complefes all prior Jump insfrucflons which reference

-an approprlafe answer., If The +wo do nof mafch The sysfem musf defermtne

7rlf other responses are possible. 1f so, The sfuoenf's “answer Is compared R L.

,—Thaf The responsc sunplled by The sfudenf is ln error, It informs him as +o

"?f:fhe reason for Thls deferm!naflon and supplles The best program alfernaflve.

depenolng on whether & concept routine was entered sequentially or through ‘3

7 a program jump.

_ Forward Jumps to yeT unprogrammed concepf routines z2lso_present a prob!em

as the memory Ioca?non in wh:ch the new rouTIne sfarfs Is nct yet known.

Conseouenflyk MALT keeps track of the first memory location of each concept
routine. - If a jumpiis made to a*previous{yrproorammed rcutine, the requfred i 7 ?5
lnsfrucmion:ls provided immediately. In the case of forward jumps, a no+er

I's made of The*memory location in which the Jumo'rnsfruc+1on belongs andi-

Smmediafe verlflcaflon lmplles@fhaf The =ys+em musf have a defai!er

knowledge of- The sfafus of The user 5 program af a!l fimes 7 As The sTude

formulafes each response, The sysfem a(so generafes whaf IT conslders To be

- ————— - B z

wlfh all such reasonable possfb'!lfles. When The sysfem flna!ly decldes

If The sfudenf's response matches any of Those which the system gcnerafed

" then 1+ Is accepted byﬁfhe sysfem as a valld alternative to its own so!uf!on.
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|

Since thls was not the expected result, however, the system must adjust Its

P
i

representation cof the users pregrem status to reflect the new conditions.

In the rare event that there are too many acceptable ways to program a

AL

perticular Sub-fask, the program segment supplied by the student Is . simulated

- to determine Its correctness. To verify the user's rrogrem through simulation,
- , :

“all conditicns of the machine which might possibly effect final programfrez“lfs

o . are determined. For example, it the pregram is Intznded tc perform a perficular - -

operaticn depending vpon the status of the cverflcw Link reglsfer, Thén:only

two Inltial states are necessary; the pronram is TLCTed with a zero Llnk

] and agaln lafer with a non-zerc iﬂmk.,

Once The various lniflal sfafes have been defermined The program .-

tm?wmw«mw‘i‘ v

7 1a'l"l'emp1-ed agam 7 ’ - i . 7' ) ’—: 7' o=

1# any parflcular Termina! conle'on Indicafes that The user's program

b wn,m

irdld not. perform Ifs funcf!on correcfly, MALT affempfs remedial ‘action.~ Since

i a
i

-t Is ‘aware of The exacf resulfs which should haVo been obfained it can;provlde{

a concise descrlpfion of The error. lf cannof however isolate the Iocaflon .-

Wb
e

ot

R
AR e

:of The error In _the user's program.: Thls deferminafion must be left up To

" the sfudenf. However, the problem nas “been greafly almplifled due to The

-
=

-
z
e

S T

iéﬁ sysfem's diagnosflcs and the usef's ab!llfy to observe his program ln execuflon.

I f The student s unable To correct his program segment, MALT will generafe

a correcf program segment for him.
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V. THE CAILD SYSTEM
A. OverJIeQ
The final system to be described Is concerned with teaching students
‘how to use integrated clrcults (1.C."s) to realize some of the “paper designs"
- prob(éms eﬁcoun%ered in COMSEQ:’ As many of the students enroljed in this
course have had nc prior exposure to digital or even analog electronics,

;CA|LD performs an essentlal service. F‘gpre 4 is a block diagram of CAILD

" The student firsf constructs his clrcuit -off-line on a specxal;sfudenf

Loglc Board. He has-a fixed seT of 1.C.'s To work with whibh includes

several +ypes of NAND gaTes, inverfers, four JK FIIp-FIops, and four D - -

7f producffform;f'As*each*equaiion'is enTereQ) }T;Ls chegked fo[ synfa;

irrors and all variab!es -used are nofnd. Eéchiequafipnfis then- converted
0 NAND formaf and sfored 1n memory.

Debugglng proceeds by Tesfing the oufpuf of ‘each equaflon for all-

possible comb!nafions of the Tnput and state varlgbles. CAILD ‘sets the lnpuf




Debugging Advice

Equations
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"~ Format

Errors

Diagnostics
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1
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lLOG!C BOARDI, ,

Clrcult Corrections -
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- and state variables in the circuit to correspend to the ccmbination being
tested. The logic value presen; at the clrcﬁlf polnfiunder test is compa;ed
to the value predicted by the equations. If they differ, CAILD aids the
student in Trackngldown the circult error and yajts for him to correc?,lT:’;;A
CAILD Then’fe+esfs the eguation. 7

When all equatlons appear error free, the circuit Is free of any wlrlng

. errors or faulfy componenfs. ln order to verify that the circult acfuaily




: B. Error Detectlion

2 L There are +hree categories of errors which may be detected.

I. Wiring error at input of 1.C.

2. Improperly powered |.C.
3. Faulty I.C.

: The presence of an error is Indicated by a dtsagreemenf between the

monlfored logic value at a gate output poin. and the simulated or calculated

value. To Trace The error to I+s source, CAILD checks the loglc value at the
output of each lower level gate which Is connected to the Input of the gate

In question. If any lower-level gate output Is Incorrect, +then CAlLD wiil.

i swlfch its attention to this gafe and its Inpuf polnfs. ) . B

If all of the Iower level oufpufs are correcf Then there may be a
—iff{ w:rlng error. This ls deTernIned by monlforlng The logic values at the - -
- correspondlng Input poinfs of the gate in quesflon. If There Is a dlsagreemenf,

- then a wlrlng error exfsfs. If there is no dlsagreemenf then the gate In

afiquesflon s elfher fau lty or powered lncorrecfly so CAILD wll! next check -

The v0!+age values at The power and ground po:nfs of- this 1.C. Figure 5 - -

*e, ls a f!ow chart-of the complefe Tesf procedure. E—

_!nall of this, the student Is actively lnvolved; He musi refer carefully

f;1 to hlsrwfrlngrqlagramfane Inform CAILD of the lccation oriell relevant gate

':E'eufpuf polnts. He mdefia!sc physically move ihe fest probe to all gate

" Inputs which are to be checked and al| suspicious 1.C. power and ground points.

Table 9 shows the Interaction between CAILD and a student during the debuggling
process for the wiring dlagram In Flgure 6. The first error found Is the -

absence of a ground connection to the Inverter. The second error Is a missing

wlire between M57 and M50. Al student- responses are followed by a ";",
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TABLE 9

CAILD In Operation

EQUATION UNDER TEST:
Z1=(X14Y1) 4 (-X14Y2)4(Y14Y2); .
DO YOU WISH TO PRINT OUT ALL TEST CONDITIONS ?

(Y or N)
H
SIMULATED OUTPUT CONDITION: 0.
ACTUAL CIRCUIT OUTPUT CONDITION: 1
INPUT CONDITIONS: . - X1 Y1 ~X1 Y2 Y1
: 1 0 0 1 0

TELL ME THE OUTPUT CIRCUIT POINT FOR
THE GATE WHOSE OUTPUT IS Z1

P31;

TELL ME THE OUTPUT CIRCUIT POINT FOR
THE FOLLOWING TERM:

(X14Y1)

 Myg;

SIMULATED OUTPUT CONDITION: . - 1
ACTUAL CIRCUIT OUTPUT CONDITION: 1

-PUT_THE TEST PROBE ON THE INPUT OF NEXT HIGHER LEVEL GATE

WHICH IS CONNECTED TO THE OUTPUT OF (x1+Yl)
TYPE ALT MCDE WHEN YOU ARE READY.

THE WIRING SEEMS OK. S
~ TELL ME"THE-OUTPUT CIRCUIT POINT FOR :

“THE FOLLOWING TERM: . ) -
T (-X14Y2) ’

M523 - = -

SIMULATED OUTPUT CONDITION: - 1

ACTUAL CIRCUIT OUTPUT CONDITION: 0

PRE ENTLY THE SYSTEM is PHECKING ON THE VARIABLE -X1
"TELL ME™ THE OUTPUT CIRCULT POINT FOR THE INVERTER.
M57;

SIMULATBD OUTPUT CONDITIONS' 0

-ACTUAL CIRCUIT OUTPUT CONDITION: 1

PRESENTLY THE SYSTEM IS CHECKING ON THE VARIABLE X1
SIMULATED OUTPUT CONDITION: 1
ACTUAL CIRCUIT OUTPUT CONDITION: 1
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Table 9 (continued)

PUT THE TEST PROBE ON THE INPUT OF NEXT HIGHER LEVEL GATE

WHICH IS CONNECTED TO THE OUTPUT WE JUST CHECKED

TYPE ALT MODE WHEN YOU ARE READY,

THE WIRING SEEMS OK. : - . .
PUT THE TEST PROBE ON THE GROUND LEAD OF THE IC.

FOR JK F/F (7476).- THE GROUND IS AT PIN 13.

FOR ALL OTHER IC'S, THE GROUND IS-AT PIN 7.

TYPE ALT MODE WHEN YOU ARE READY.

YOU HAVE EITHER AN OPEN CIRCUIT ON THE GRCUND LEAD [Note: MISSING $§8%N0
OR A WIRING ERROR TO THE GROUND LEAD. CONNECTION DETEC

CORRECT THE FAULT. AFTER THE CORRECTION, TYDE ALT. MODE
TO RETURN TO THE DEBUGGING PHASE.
TYPE ALT MODE WHEN YOU_ARE READY.

EQUATION UNDER TEST: - ) ,
21=(X14Y1)4(-X14Y2)4(Y14Y2); - ) : o i

DO YOU WISH TO PRINT OUT ALL TEST CO’QDITIONQ ?

(Y OR N) ]

N - - ) - - i R -
SIMULATED OUTPUT CONDITION: . = 0 ) ] ) ' -
ACTUAL CIRCUIT OUTPUT CONDITIONS: -1 :

INPUT CONDITIONS: - X1 Y1 ~X1 Y2 Y1 Y2

. ) 1 "0 0 -1 "o 1

TELL ME THE OUTPUT CIRCUIT PO;NT FOR

" THE GATE WHOSE OUTPUT 1S .Z1

P31;

. TELL ME THE OUTPUT CIRCUIT POINT POR

THE FOLLOWING TERM:

(X14Y1) ) i
0293 . - ’ ) o
THE CIRCUIT PT LABEL YOU PUT IN IS NOT A MONITORINT PT L L
ON THE CIRCUIT BOARD.’ TRY AcAIN. . L ) : =
M49; : S . : R T
STMULATED OUTPUT CONDITION: 1

ACTUAL CIRCUIT OUTPUT CONDITION: 1
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Table 9 (continued)

PUT THE TEST PROBE ON THE INFUT OF NEXT HIGHER LEVEL GATE
WHICH IS COMNECTED TO THE OUTPUT OF (Xl&Yl)
TYPE ALT MODE WHEN YOU ARE READY.

THE VIRING SEEM OK.

TELL ME THE OUTPUT CIRCUIT POINT FOR

THE FOLLOWING TERM: N
(-X14Y2) -
- M523 . - -

SIMULATED OUTPUT CONDITION: 1

ACTUAL CIRCUIT OUTPUT CONDITION: 0

'PRESENTLY THE ‘SYSTEM IS CHECKING ON THE VARIABLE -X1
TELL ME THE OUTPUT CIRCUIT POINT FOR THE INVERTER,
-M57;

SIMULATED OUTPUT ' CONDITION: 0
ACTUAL CIRCUIT OUTEUT CONDITION: = 0 _
_PUT THE TEST PROBE ON ‘THE INPUT OF NEXT HIGHER LEVEL GATE
WHICH IS CONNECTED TO THE OUTPUT WE JUST CHECKED.

TYPE ALT MODE WHEN YOU ARE: READY. B

EITHER YOU HAVE A WIRING ERROR OR AN OPEN CIE CUIT [Note: MISSING WIRE FROM
MS7 to M50] -

AT THE TEST POINT. - -

"CORRECT-THE FAULT. AFTER THE CORRECTION, TYFE ALT HMODE
“TO RETURN TO THE DEBUGGING PHASE.f o :
“TYPE ALT MODE' WHEN YOU ARE READY - - i

EQUATION UNDER TEST:- ~ 7 -
21-(x1+Y1)+(-x1+Y2)+(Y1+Y2), -7

-DO YOU WISH TO PRINT OUT ALL TEST CONDITIONS ?
(Y OR N) S . i} -
N - - - )

-DEBUGGING COMPLETED FOR ONE EQUATION. o
DEBUGGING PHASE COMPLETED." - - [Note:
DO YOU WISH TO TEST YOUR CIRCUIT? (Y OR N)

N'f _

OPERATION SUCCEEDED! 1 ¢

NO ERRORS
REMAINING]
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Y. Evaluation and Conclusions

The purpose of lhese CAl systems is to augment classroom instruction
raTher than replace it. None of Them is really lnfended to be an end in
lTself buT their purpcse is t¢ help the student bridge The gap between

theory and independent application. Experlence has shown that these CAl

sysfems are far more effective than convenflonal homework asslgnmenfs for

-
=
=g

After using MALT for apprdx:mafoly two weeks, sTudenTs are requ:reo to
program and run a slzeable problem in assembler languaqe Sfudenfs who have
acqulred a feel for machlne lanouage programmlng through interaction with

MALT find lT easler To sfrlke out on their own and complefe their. assembler - o=

languaqe program. CAlLD has not yeT been evaluated; hcwever, the aufhors—:

fanTlclpafe Thaf the experlence ga:ned by sfudenfs ln debuoglng dlglfal

clrculfs under the guxdance of The CAlLD system w:ll prove beneflclal to

Them ln lafer -laboratecry proJecTs

Slnce each-of these sysfems Is "lnfelllnenf" in its small domaln of

appllcaflon, They are very flexible and are- not llmlfed In The problems They

can solve. For- excmble, CCMSEQ is avallable as a problem-solvlng asslsfanf
to help advanced sfudenfs dcslgn and simplify the loglc clrculfs to be debugged 1 -
and Tesfed by CAILD. " In fact, the sTudenf can use COMSEQ to derive his clrculf
equaflons in mlnlm=l Sum~of~Product form. ]
7 CAILD Itself can be used to bulld and debug dig ital CerUlTS such as
counfers, adders, decoders, and shlff reqlsfers. The only constraint is Thaf -

The number of independent circult variables not exceed six (two lnpufs and )

f0ur state variables or slx’lnpuf variables), Combinaticnal circuits can have
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up to sixteen output |ines; sequential clrcults can have up to sixteen
states. 7

7 Present plans call for adding a "front end" to CAILD which will
allow aisfudenf to enter a state table for a problem or select one of a
variety of circults to bu?!d;i CAILD will then aid him In determining a
correct set of’equafions for this circuif. Finally, CAILD will teach
him how to wire The lndlvldual I.C."'s prlor to his constructing the clrcuit,

Due To lfs modu!ar consfrucfion, Leffaln of the concept routines ln

COMSEQ are used as subrouflnes by more advanced concepts lﬁ‘COMSEQ and also
7by MALT (during program simulation). For example, a sfudenf who has produced

the state table- for a counter can, f he wishes, cohffnue’on and der1ve a

“truth table for The F!lp-Flop confro( Jines “and also defermlne the mtnlmal

ccmbnnafional loglc required. 7

lf ls,relafively:easy Te add new:conceéfs to CbMSEQf A new problem
generafor and so(uflon rouflne nusf be. wr!ffen. There is an Instructor-mode

available which can be used to make the necessgry addlflons To the concepf

Tree. Similarly, new prob fem primlflves can easity be added to MALT. _The

concept sequence for this primitive musf be defined in_terms of the thirty- -

five baslc machine language programming concepfs which are avatlable for

use ln MALT Also, the ofher problem primitives It can be interfaced wifhi

mus+t be idenf!f!ed along with the LEVEL range in whlch it may be used.
COMSEQ and MALT also attempt to individualize the problem selected for

the sfudenf and fhe depth and pace of Instruction provided. COMSEQ, I

) parflcular, learns about the student as the course progresses and uses Its

expanded knowledge of the student to decide how qulckly he should progress

from plateau to plateau in the concept tree and which one of the concepts

within a plateau should be studied next.
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.also being Impiementad.

7 é!eafly indicate student aécepfaﬁte of jhezrofe fulfilted by these sys%ems

42~

The authors feel that this set of generative CAl systems will
continue to be useful in augment ing Theilearning tools available for a
beginning student in computer science and electrical engineering. Hopefully,
the concepts employéd In developing these systems can be applied succéssful(}
in other course areas. Current research Includes the design of a system :

patterned after COMSEQ for teaching problem-solving i;'hlgh school algebra.

“An author language for faciliteting the design of future CAl systems is

" A questionnaire was distributed o students using COMSEQ and MALT
this past semester (Spring 1973). A summary of student responses to some of

the questions in this que§+io;nalfé Is given in-Table 0. These results _

in the course.
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TABLE 10

Student Evaluation

Questions 1-8 refer to MALT only; 10-17 to COMSEQ only

For questions 1-15 the numbers of students giving the follow1ng responses

are tabulated

-

~ 1.

2.

3.

9.

10.

Strongly
Disagree

The svstem was useful in 1ntroduc1ng me to machine language programmlng.

0

It was relatively easv to learn to use the batch version of the assembler -
since I had been introduced to programming concepts through MALT
15

0

Since the subtasks were always la1d out for me , I felt very constrained
using MALT. - -
0

Because -the: subtasks were la1d out I only learned the mechanics of

Disagree

2

5

’19

Uncertain

1l 18

4

9 -

5

Agree -

Strongly

Agree

12

7 =

0

programming and didn't really understand what was going on. _

1

~ The approach taken in prlntlng out the snbtasks was good as 1t,taught
me how to organize a machine-language program. -

0

l =

16

2

3 .

8 =

7

.

5

20

5

Yy

" The problem became more difficult as my level increased. .
=19

3.

There was a good variety in the problems I recelved in MALT.

1

-0

In general, I preferred the use of CAI in this course to conventlonal

12

3

homework (both CAI systems)

0

"2

6

In general, I enjoyed the 1nteractlon with MALT.”

6

4

=13

21

11

I was concerned that I might not be understandlng the
- 7 )

3

13

4

3

16

material.
1

1
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11. CAI is an inefficient use of the student's time.
- 11 12 C 2 2 2
§ 12, CAI made it possible for me to learn quickly;:
1 8 7 15 0
13, The CAI System does a good job of selecting concepts.
) : 6 ) 6 8 -8 1
] 14. In view of the effort I put into it, I was satisfied with what I
learned while taking CAI.
2 . : 1 0 17 8
- 15.-_Overall, I enjoyed working with CAI. (CONSEQ)
- Y 2 2 .23 2
For questions 16-17 the numbers o¢ students gwmg the followmb responses
- © - = are tabulated’ : . . . .
B - K11 of the Most of _ Some of Only - Never
H - time ’ the time the time Occasionally
E - - 1. T found myself just trvmg to get- through the materlal rather than -
H - trying -to learn. . . -
1 - - .5 5 13 - 8 .
, .17, I-was given answers but xstlll dld not -understand the questlons.
) 0. ) 1 . 213 5- 10
é‘ - _
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Vi. Probiem Generation And Solution In High-School Algebra
A. Overview
- This chapter will describe a generative computer-assisted Instruction
(CAl) system -for hlgh-schcol algebra. The classes of problems which the system

_can handle are word problems, manipulation problems, and gfaphlng problems. Word

problems test a student's reasoning and probleﬁ-solvlng abll1ty; manipulation
o 1 problehs test his grasp ofrfhé fundahenfal skills an? techniques; graphing ﬁro-

= blems test his basic understanding of graphic methods and abllity to plot-

R !eqdaflons.
1 — — S - -
i - - - Problem generafjoﬁ'for all threeé types Is based on a probabilistic
gi “grammar. A fable af,probaplllffes covering each rule In the grammar Is used :

to tallor the probiem to the Indlvidual stident In terms of deslred emphasis

-H ~and level of dlfflgulfy; For-example, Thé table might favor geéerafion of R =

ar “age" prqbiém If additive congépfs were- to be empﬁaslzed; whereas, a
_ “percentage" problem would -be more Iléely 1f multiplicative concepts wereifgr © - R
. be emphasized. -~ If a difficult problem Is desired, the proEabIllTles associated l B

. . ;fhlfh comp fex problem brlmlflves or complex expressions Woul& domlnate. _ .

= } 7 Llke problem generation, solution moﬁlforlnarls dependent on a student's

- épas; Hjsfory. When a student begins a new coné;pf he wiil be led é+ep by step
:Tbrough the problem and esseanarlyj"léarn b; gxample}. As his proficiency .

Alncrea;es, the system will-require less and loss interaction and provlide Ieég ’ -

i

Instruction. Soluf!on—ménjforlng;(affer the student Is sufficiently advanced)

1

fWM

-consists of checking to see that his approacﬁ appeat's réasonable, accurate, and -

error free. |If the student appears to be having ‘frouble or:if he asks for'hqlp:

_ parts of the solution will be glven.
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B. Manipulation Problems
Manipulation protlems are used to increase the students skill in

algebraic operations. For example, if 4X+3=7, what does X equal? The

Intention is to supply a different type of manipulation problem for different
In order to obtain different types of problems

from one generation eysfem,:a prababilistic grammar Is used to generate each

expression of the equation. See page 13 fofran eiplanaflon of prdbab{lleflc:
The grammar s Implemented as a set of recurrsive PL/I functions.

A table of probabilities Is used in the call fo the generator foutines to

supply:InIT}al probablilfles for each rewrite rute.: Also In the }able is _

a set of decrement values whgch:are‘usedzfo establish a I Inear condTTfonal

The currenfl9 used grammar is shown In Table .

In order to generate problems of a sperifac Type, the approprlafe prob-

table need only-be passed to- the generafing routines. An InTer-

i acflve program Is avallabi e To the course aufhor so that he can experlmenf

~with the probablllfles Te?le fcr eech concept befqreilncorporéflng IT*InTe

the Zoncepf”lfself. . T ; -

As an example, 1 the derlved problem type 15 a quadraflc equaflon in
cne variable, the probablllfy and decrement for a followlng term are set to
values which Tend ;o—produce three orgmoref#ermé In The:flna] expresslon. “Each
sferm>il; rewritten as éf;cfor;. The decremeaf vaiuesgare applled between each
Hence, the prob;bilITIes asscclafed with each re-wrtfe rule

cf <fac+or5'afe different for each term of the expression. That 1s, the

“ probabi[Ities are adjusted such that in the first term the re-write rule

<factor>+<VAR>4<POWER> Is chcesen; In the second term, <fac+or>+<CONST VAR>;

i
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There is a probabllity associated with each re-write rule. - -

KEY:

:iferm follcwed opftonal!y Y @ plus or minus sign and ano‘her fenn.,
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Grammar fcr Generating Polynomials

TABLE {1
. EXP>TERM {+ TERM} | { ~TERM}
2. TERM+FACTOR {* FACTOR}l{/FACTOR}

3. FACTOR+(EXP)#N|(EXP)]VAR]CON§T VAR|VAR4N|CONST

4. VAR X|Y|z

6. N -1|2)3

Rewrffe Rule | states that anxexpression can be.replaced by a single

[

(Any quanflfy enclcsed in brackefs is opflona!).




% 2; Word problems are used tc Increase the students preblem solving abllities

- §§ -~ In the sense of converting a verbal description of the problem Into equations.
E As In the case of manipulation problems, the word problem generated should be

§i _ appropriate to The concepts to be emphasized., An addlf!énal difficulty

) In generating word prob.vmc Is that the solution must be generated as part of

:fhe problem generaflon procedure, For thls reason, even though the werd

problem generaflon rouflnes can be modeled as a probzbilistic grammar, they

are actual ly tmplemenfed as a set of PL/I rouflnes which manipulate a LISP-

like data structure.

The data structure (acfually *here is a separate data
structure for each problem type due to sforageillmlfafions)ccnfains a §é¥ of
i problem primitives which are strung together in order *c construct a probiem.
T "~ The data structure Imposes a dlfflculfy ordering cn the primitives, assoclates
: 2 solufTon primitive with each problem prlmlf!ve and adcition: iy Indicates
*whlch pr!mlflve can reasonably follow frem another In order to make a meaning-

ful problem.r As with menipulation problems fhere !s a table of probablltf1es

assoclafed with each problem type to be generafed which confrols the manner in

" which the data structure Is traversed. [+ also confrols the probabllity of
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Appendix

L - Abstract Problems

~ 'An abstract problem is a triple (data, unknown, relation) where data is a vec-
,f§r of input Variggles. The unknown is the variable whose value is sought as the
75;é§lhtion. The relation defines a function which gssigns'a unique value to the
1pnknown for each vector of data input values. An abstract prob’*m can be repre-
“sented b& a function whose domain corresponds to dota, whose range corpesponds
 fo the unknown, and whose rule is given by the relation. ) ’
An interpretation I of an abstract problem consists of an,assoziatiéz of an
object(s) to the.abstractrprobiem and the assignment of spocific attributes to

" :sthe data variables and the unkuown.

An abstract problem can have many interpretations. The values of the attri-

“butes of the interpretation must beleng to the domeim of the problem.

Let Pj(I) dencte the problem Pj with the interpretation I unknown (Pj,I)
denotes the solution to ine problem Pj(I). Let the elass of problems generated
(or represented) by Pi using all allowable interpretations be denoted Ci.

Pi is a subabstract problem of Pj, denoted Pi S Pj, if ¢i = ¢j. ~

Two abstract problems, Pi and ?j, are weakly equivalent if .Ci = Cj.

Let Pi and Pj Le¢ abstract pioblems. Penote their dumains by Di and Dj,
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selecting a more difficult problem primi+ive. This table Is updated as a
stucent progresses in order-tc prevent tco many simi{ar problems from appearing.
A grammar for a simple age problem and its structure representation

. are given In Table 12 and Figure 7. The grammar shown is only capatle of

i generating a few sentences; the grammar actually used i3 cbnstderably more
cempler  The answer primitives shown are in a simple form which can be used

to extract the solution fo the problem (in the sense of writing ‘the equations)

but they currently do no* supply enough Informaticn to allow the program to lead

% ~ the student from werd problem %djequaflons. -They will supply this Information

| 1
it s
i !

g - evenfuélly but the final form Is not set at this fime.

3?7’ effective storage utilization and ease of mecification. |f one looks at the

£ o rewrlte rules s functions which return vajhes; the possibllity of primitives

.7 One couid look at each rewrite rule of the grammer as a function which
4 % 7 returns Its vafue In a mannef simllar to the manipulation generation routines. ;
% %%:{ - Thg reason for not doing so are technical characteristics or PL/I Tnvolving g

‘which ar; eQaluaTed for fhetr effet{ rather than thelr value comes to mind. For

7‘é;amble, placing a picture on the screen 1o supplement a geémefrlc-f/pe wo?d

 —p?o51em wou{d Involve énienflfy which causes the figure to beidtsplayed. Thg
Intenticn Is to experiment with this later. _ -

= = Gtvenffhefabove:défa7s+rucfure, word prébtem generation Is relatively
straight forward. The data structure Is scanned using the pfobabitlfies table
“fo determine fhé relgfive;dtffIZulfy of the problem, substitutions are made for

~ varlables in 1Jerpf!mlflves:(f0f Insfancé, Ci and C2 In Table 12), and %He

soluticn equa;ton(é):ts generated for the problem from the answer primitives.
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D. Graphing Problem Generation

The generation methods for graphing problems In a kigh school environment
require little sophistlcation. Most problems are concerned with finding the
slope, X-Y intercept, or permaps the points of intersection of two first or
secand degree curves on a plane. The expresslon generator for the manipulation
problems can be used to generate the equations to be graphed. A simple probabi-
listic grammar can be used to declde the type of problem and the solution mefhod.
In short a comblnation of techniques frcm manipulation and word problem generation
will be used. Pure graphing problems in this system will be a series of short,

fast Interactions beTweem machine and student In which the student recelves immed-

late feedback after any mistakes.

Graphlng Is a problem:solvlng methcd and nolian end In itself and the intention
Is to have graphics as avallable to the sfudenf for problem solvlng as algebralc h
manlpulaflon. After The sfudenf has progre»sed sufficiently, graphing may be
the required so lution methcd for word problems (particularly for prohlema wlfh

several equations and Several unkno“ns) For the final stages of a student's CAl

work he should be able to declde when to use graphics-as the soluflon mefhod for 7 : )

k -

= -_— -

a problem.

. ¥ ll L

77?:'

’l

Several general remarks about problem generation need to be made. In all three

cases, the probablllfy tables passed to the generaflng rouflnes can confrol problem

dlfflculfy as well as problem type. ln all three cases, an lnsfrucfor experimenta-

tion mode s, avallable S0 that the nstructor can experlmenf with the = : -
probablllfy Tables and data sfrucfures to Tesf the oufpuf of The generallon routines. 7
ln The case of word problems an addlflonal difflculty can occur, particularly -

f
wlfh a slow student. The number of possible problems: ls much smaller than for the

ofher two Types and for some cancepts there may be only twe or three possible first
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sentences. At the very least, there should be scme way to Insure that the
number of repetitions is minimal. (A problem Is cerfainly’easler I1 it can

be solved by direct analogy with a previous problem,) Therefore, Information
concerning previous vord problems wil| be asscciated with the student's record.

The exact format is not set as yet.

E. Sclution Monitoring
In a student's early siages of use, the system will lead him step by step

through the solution. As a student progresses through the course his skiils

increase to the point where he no longer desires nor needs to be led through-

J—

,The probJem. It Is, of course; mﬁcb more difficult to monitor his workiaf this

stage. The s&ejem can check that his werk Is algebralcally correct, start the

problem over lf the student desires,for In many cases suggest how to proceed to
a so]ufion. It Is difficult-in compllcafed prctlems to keep the s*udenf frcm

7oolng off on a Tandenf. To clrcumvenf this problem 10 ccme extent, a desk”

7calcula+or mode for both manlpulcflon and graphing ls planned which Is parflally

t

coded and debugged. =~ - -

Thls mode ls envlsloned as belng available to’ The sfudenf from any polnf to
allow experlmenfafion (wlfhouf machlne supervislon) ln a sort of scrafch paper

manner. For manlpula*!on prorlems commands to perform commen manlpulaf!ons will

be vailable (e.g. "ADD 3X!' wlll add 3X To an expresslon). In the graphics

) mode, provlslon for ploff!ng slmple ecJaflons and connecting polnfs under student

““zontrol will be made, as well as 2llowing the student to change the scale of his

coordlnafe system.

This mode Is considered to be Important in developing a student's skills °
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with the probiem solving toccls of algebraic manipulation and graphing without

too much computer interference. The most difficult part of solution monitoring

Is, of éourse, transiation from & written problem description tc the equations
necessary to sclve the problem. This process is only parfiélly understood in

humans and 1s highly heuristic ( Paige, 1966). For fhis reason there is not much the
system can do for the student except to lead him through step by step In a

very rigld manner. In the case of a more advanced student, the system can tell

him whether his equations are right or.wrong and, perhaps, show him one way to
dérlve the correct equations. At this point, i+ is not clear:how much can be

done In this area and only actua! experimentation will resolve this question.

wh
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- ’ Grammar for Algebra Word Problems

TABLE 12
PROB= P| P{X|P2 P2X Cl

5/6]...]20

PIX = P11 PLIX|PI2 PI2X C2 =Cl + I8}19 ...|30

{

P1IX

PLLL|PII2 C4 = CI*C2

t

P12X

PI21|P122 c5

c2-Ci-

iy

[ B T T A S
m‘”‘w‘ i " s ‘ A

P2X = P2l P2IX|P22 P22X €3 = CI+C2

P2IX ="P211|P212

s P22X = P221|P222

.t & PI='UACK IS C5 YEARS YOUNGER THAN HIS FATHER.'! Al = 'C5=CI-CI' L
- P2= VACK'S AGE-PLUS HIS FATHER'S AGE IS C5 YEARS.! A2 = 'CI4C2=C3! 7
= T 'THE SUM OF THEIR AGES IS C3:! . Al = 'GI+C2=C3" ' o
- % T - Pl2 = "THE PRODUCT OF THEIR AGES IS C4.' AIZ = fclxc2scat .
- . % T BRIl = Pl21 = THOW OLD 1S JACK?' - Al21 = AlLL = "2C1t - - ;é{;
- b par = e oirerence o THeIR AGES 15 C5' © RU=AL %
. Pm=piz- L : A p22 = A12 . By
N §§ P20 =PI = P21 7 ] 211 = AllT = P22I ) j
i P212 = P22 = 'HOW OLD /RE JACK AND HIS FATHER?' A212 =-A222 = 7cinca' ~
1 B - e o i :
EE - i
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"VII. Formal Model of Problem Generation and Solution

A. Intrcduction

Problem generation is described as originating from a semantic network

(Quillian, 1968). This Process is an extension of Carbonell's work to quanti-

tative prcblem solving (Carbonell, 1970) and is motivated by Polya's classic

work on problems (Polya, 19u45), Indeed, this research can be thought of as a

step in the automation of Polya's heuristics. Problem solution is closely related

to problem generation. The plan for problem solution is generated at the same

time that the problem is generated.

In the above systems four basic elements can be dlscerned memory, reasonlng,
input and output. Memory contains factual information such as course material
and the student model. Reasonlng usually takes the form of algorithms. It -
generates problems, solves problems, and makes decisions on the basis of 1nput.

If the reasoning component has learning capabilities it can-modify the contents

of memory. These four elements are related according to the Block Diagram in

Figure 8. T . S

[

:7 ’ i
- . ] Generator - | - -

W

o “INPUT .y (Problem Solver) __ ,OUTPUT ~ = - - -
' Reasoning )

; L Figure 8 - 7 - . i

Block Diagram of Problem Generator/Solver -

]

]
|
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; equlvalence classes can be represcnted by the pair (data, relaulon)

_ _most general representation‘of the problem class.

-a large part of
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The form that each of these elements can be given is investigated in

following secfions.

Fae

emory and Prcblem Generatlon

Let P ke

A general view of problem is taken. the class of all prob-

lems under con51aeratlon.

- Any problem can be anal}zed:into three parts--the unknown, the data,

and the condition (Polya,’19u5) P is pertitioned intc subclasses by taking

_two problems to be equlvalent if tnej are represented by the-same trlple

(data unknown, rclatlon), i.e., same w1thout values and 1nterpretatlon of

variables. ) . o ]

also be 9roupeu 1nt

The class of trip“es;ca equ1valence classes

accordlng -to problen yn Two expre351cns for a relatlon are equlvalent

if they represent ‘the same rel:t*on. The - ClaSblflLatluﬂ of problems can - -

be;carrled further by classifying rclatlon according to various %rcpepties.

The 51gn1f1cance of these proolem equlvalence classes is that -all the

problems in a class can be represented by their common triple. Moreover,e
Hence, problem B =
The: - -

‘Since

_thke system can select the unknown _from among data items.

data itself canibe represented oy (object, attribute, value) triples.

the representétionsfwill—not:have values the final representation is

(objec*(S), attribute(s), relation). .

The c1a551F1cetlons are summarlzed by the scheme,prob*em + (data; -

unknown, rclatlon) > (datg, relation) + (object(s), attribute(s), relatlon)

where this analysis proceeds from arspeclflc instance of a problem top;he

_For generation these.

processes are reversed. A brief 1ntroductlon to a formal _theory of problem

cla531f1catlon, generatlon and solution is preScnted in the Appendlx.

M represents the system s knowledge of the subject matter_ (at least }

{ does) and can convenlently take the form of a semantic

network. A :semantlc netowrk _is a graph structure with items corresponding
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to the nodes and relationships teo the ares, The items can be objects, attri-
butes, or pointers. Values are associated with the attributes. The relation-
ships are semantic relationships if the semantic network is applied to natural
language or logical relationships of interest to a particular subject matter.

Carbonell and Wexler have demonstrated the utility of semantic networks for

storing factual information. Simmons (1970) has shown their utility for natural
language analysis and generation. Melton (1971) has studied the automatic gener-
ation of semantic nets from text. Schwarcz (1570) has applied semantic nets to
deductive question answering. Quillian (1969) has applied them to the comprehen-
sion of English text. By extending a semantic net and basing it on a 4 tuple

(object, attribute, value, relation), a semantic network can also be used for

- - #

Semantic memories, then, can be used for several purposes, including storage

of subject depenucnt 1nformat10n, naturgl langu ge analysis and generation, prob-

lem- gencrntlon and solution. ) _ ’ -

Problen generation with regard to a @air’(dafa, raelation) consists of 1).
selectlon of an. 1nterpretgt10n, 2) selection of an unknovn, 3) genera tion of -
values for data attrlbutes, (Steps 1 and 3 are an 1ntnrpretat10n using the seman-
tic network as the dowaln of 1hterpretatlon) %) oelec;lon of a particular rela-

tion if a class of relatlons is specified in the pair. This generation process )

is. the reverse of the pr_or problen classification., _ )

- = - =

“In terms of the model problem generaticn is performed_by thﬂ operator R, -

R generates a proolem as a runctlon of memory M (the pairs (data, nelatlon) and

the student's level). . . .

- In;addltion, if a semantic ncmorjlis used toxrcpresént the subject informa-

“tion,. the _system is also ‘able to generate factual questlons, even for a subject

thch is orlented to problem sclving, : }

Problem Solution ' )

wh A

In the modéi,,R also corresécnds:to theiproblem solution machanism,

A palr (data, relatlon) is called an abstract problcm and corresponds to a

concept(s)xln thé concept tree, For solution, abstract problems or groups of =

—abstract problgms can have associated solutlonzmuthods. : : -
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~used to compose the problem out of the subproblems Pi.
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A problem solving system is described By a pair iP,S8) sawre P is a collection
of abstract problems and S is a solution method for solving interpretations of P.
For the problems of a particular subject area, suppose P = Py U Po U...U Pn.

Since no one solution method may be practical for P, each Pi has an associated Si.

A problem solving system needs somc sort of planning mechanism with which to
approach a problem. A plan is defined as some composition of Si's, For a system
which solves a restrictive class of problems thaz plan nowd be no more than a fixed
sequence of steps to be carried out. However, for a large class of problems the
system will need plans that vary from complex problem to complex problem. A plan
will indicate a decomposition of a complex probiem into basic subproblems which

belong to the Pi. Each subproblem has an associated golution method Si. A cor-

- responding composition of thz solution methods will-yield a solution method for

the complex problem. - .

° Thus, the class of problems gencrated by abstract groblems {Pi} is extended

while keeplng the Same Si's. Various constructions are applied tc the basis
{Pl} vielding complex problems not ir any of the classes Pi. Hooefully,'the
new problems will be solvaulp using the Si's comwzncd according to the type of
constructlon used. Hence, if (P; U Pz U...0 Pn,{81i}) 3nc‘lﬁﬁ'U P, U...U Pn

then (#, {si}), where Pi ars the vepresentations within the computer gnd L is. the

larger class of problems sclvgble by Si. -

_ - Another way of thendlng class is by transfurmatlun, i.e. bu ppose P 1s

solvable by S and T:P'»P is a Tr:nsfcrmatlon of F' to P, Under certaln conditions

P! is also solvable »y S. These extension techﬂz ues are generation mcchanlsms

and also 90531b1e strategles fur a plannlng mechaﬁlsm. . i,

In a generatlve system the plan for problem solution can be a product of
ﬁibblen generatlon. The system constructs the proklnm cut of basic bUlldlnF
~-blockss 1i. e abstract probiems, each of which has an asscciated aolutlon method.
fA correspondlng construction aanllcd to the ;olutlon methods conprises the plan

for SOlVln? the constructwd prcblom. - -

Indeed, the 1mplemewtat1un of the plan as.a’ set of procedures. for solving

fﬁhe problem is & special case of avtomatic provram cynthe31s (Manna,:1970). The soli

- tion method is synthesized out the Si's. The §o;utlon prgcadur s control

- structure, expressed by the plan, will correspond to the particular construction

[
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A flow diagram which summarizes the problem generation and sclution pre-

cess is shown in Figure §.

Problen Type
¥
(Data,relation)
’ +

.. (Data,unknown,relation)

i
i ¥
§£~? v Interpreted and | __‘Semantlc'
= evaluated triple® ! net
; o | |
i ! Grammar _ !

{Sl} 3 & -
Simple English expressicn
uolutlon cf the triple

] . Figure g

Flow Diagram of Generatlon/Solutlon Process -
Input and Output - -

Semantic networks can also express seyanfic relationships of objects. .In
‘some apjlicafions, English has been mapped into a semantic net and related -

likewise been used for English gencratlon. . - :;

1nformatlon retrieved (Carbenell, 1970, Schwarcz, 1 Semantic nets have

Thusr a semantlc net can ue used to convert an interpreted aastract problem

to s;mole‘Engllsh statements--perhaps one for data, one for the unknown, one

7for the relatlon. .. ” 7 ’ : E

POI‘ uantitative responses from the studcnt 'ne system dO("S not need
p 9
Non-quant:.ta* ive answers, however, -

would need conver31on to the intermediate form 1n ordgr to maPu use of the

Stch conversxoﬁ is also necessary for the Sythm to function as

:rather than- generatlng them.

7Learn1ng"

rthe student, acquisition of new information, or revision of old information 7 =

Learning by an inieliiéent system for CAI includes updating the model of

—contulned in memory. -
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Learning can be rote learning or generalized learning (Samuel, 1967). Fur-
ther, learning implies the acquisition of new knowlesdge. The new knowledge can
be received by the system from the designer (its need having peen indicated by
the system), obtained by the designer and the system, or acquired by the system
itself.

Learning, then, can be realized on several levels, Level 0 is not learning
but is included for completerness. Level 0 occurs when the system designer inputs
information or solution methods into the system. Level 1 occurs when the system
has received a question or problem or generates one which it is unable to solve.
The system remembers these and informs the designer whc updates the semantic
memory or increases the solving pouer of the system. Levels 0 and 1 are rote
learning. ‘Level 2 lgarningiconsists of solving a newit9pe of problem by discovery
(or selectioﬁs of similaritie¢s or analogies with known problem classes. Level 3

learning consists of solving a new type of problem by analyzing the-problem to

7d§scover its structure and then formulating a solution plan using the available

solution methods. Level 2 and level 3 are ggnérglized—learﬁing. All-of these

types of learning result in an increase in the question answering or problem -

solving power of -a system. - -

Another type of learnzqg of concern for CAI is that of the studeat user.

_The CAI system should increase not only its own state of knowledge, but also that

of the student user. .- )

Learning would c¢eme directly into play- for a generative system if the process

of generation were roversed and the system had to analyze a new problem to dis-

cover its corresponding synthesis and solution.

A

I
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">" is a partial order on abstract problems., Pi is strongly cquivalent to
Pj if and only if Pi > Pj and Pj » Pi. Alsc, if Pi > Pj then Pj - Pi. '>"

can be interpreted as more difficult than

Various construction techniques for creating new abstract problems from

‘given problems can be defined. -

Abstract problems and their relations have significance for problem j2nera-

tion, It is pessible to introduce solution methods into the discussion by
attaching a predicate to an abstract problem. And, then, questicns of signifi-
géﬁce of constructions on abstract problems for solution methods can be studied
(Perry, 1973).




