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ABSTRACT_

This paper describes des_i_gnitechni_ques_-_ for generative computer,assUsted
instruction ICA' ) =systems._ These are systeml which are capable of _aeneratsing

-pr [ems for: students -and-der-lying_ andVmonTstati-rig_ the _solutions to these----
=prob=lems. The difficulty the- _broblem,_ the ::_bace instruction, and the
depth of Mon itering--are all tailored-10- fhe----Individual student. =Parts of
the -sal-Lit-Jan-al gorith-mS _can- also= be --uSed-to:analyze incorrect_ student--
rsponSe__and -deterriii-ne=the sexact-nature--tof--the:='student4s--error--in order= -to-

=mtaningfb-1 Ter-lied-fat cammentS-

k_--_-geherativer-=CAL-system--With-- teaches logic= desi-gn ;and :mach ine--
ngu_ageprogramming -System toYers_lhei;matental_
an-intradittary course in dig ilal-System- aimed_ at- electrical eng_ineering

_1:0070r6s: otti_tfrib_ teXtbCatc,, but instead
rVies= to-praYlde _practice- and instruction material' _to =solve

rab=reMS-.
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INTRODUCTION

Over the past two years a set of three computer-assisted InstructiOnj

(CAI) systems_ has been _designed_ around an introdUttory course in computer_:_
=

-science. NS course- is- taught in the -Electrical Engineering Department -at

the _Uniyersity of Connecticut and Is required of a1-1- Electrical Engineering

students-. 11,-is also- taken -by_ Students in--other departments whorw_ith- -71V_Ani nor_

In computer science.

Thei_first COPISEQ-, --(Koffman, _1972) -_ i-ntroduces students__rto-J_

design arid =s-i-mpl if ic_ation ot-C_OMb_triatlional_ l_and__SEQuentla 1_ dig ifa I__ log

ec -numb e
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These systems are oriented towards teach i ng problemI em solvingI v i ng and ass i_ tt

the student i n- -I earn_i ng how to app ly the concepts introduced i_n c I ass or Jhe

--textbook _tBcoth-, _1971=1-.- The II rst two _systems_ _have_ been used extensively

,- __and appear to serve very -wet -1 as a r_erl adement__ f or -CoVenti one I-- h-omework.--=-:--,

They:have =the :advantage of eas i-ng,_ a beg Until ng, student Into- the-_probl em__-and:

ova:ling rlprompt7 and-perti-nerif_reffiedia l feedback -- whenwhen =he- goes_ astray. =_BOth
-' -=-- --- -- -__

stems are programmed-ion Ate BM- =3- 60= /65= = an_-d
_-
a r e _a, V- a l l

--
a & I e Lt h r o u gh_ the

onversati-onal --P_regramm ili ysterhY_thim-e-hbri_rv,iy-stein-. -$tudOnts--_-__can=a1_

e se _p-ro- -rafts- t rom= an -,_ -o f- the=ite-r CPS term i-naIS_ re_n _campus _and:__C-Ontrn-

r_a ndom e_nera

em_ orma

esen-



-3-

= _
to con :entrate on the more complex aspects of the problem.

The third system, CA1 LD is capable of degugg i ng any circuit wh ich the

tudent has- designed. He must specify the logical equations which describe

is circuit_ in- Sum -of- Product form. The student logic board is automatically

ter-faced tOc-the -D i-gi tat --Equ'l pment --Corporation-PDP-9--computer which -then

----i--,..control-s_ the,debugg i ng--proceSt._

The_ emphasis Is on teaching= good debugging_ procedures rather-than---automa-

ting fault_detectiOn-. Circuit __UnpUts= and _FI_IpEl_opi state values s are control led
___- -_,_-

iticat-outpUt-logic_ valuet-are--_-monitbre-d.- 1,n_ addition-,-- t
----- ----- =:---- -s- -- -_ = -- - ---

re-cied_ton_utifile_i_a= test7 robe_ 46--monilorisuspiclous _po_i_nts_-_

this

ms-com ra e _

o_ so_lye=pro

cours
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abi I ity; manipulation -problems test his-grasp of the fundamental skills and

techniques; graphing problems test his basic understanding of graphic methods

-'-- and ability to___p lot equations.

Chapter seven Is a formal model for -problem- generation and solution- _

Poblem generation: Is detcribed_-0-s--xxl_gi-nating-_from_ a_--semantic netWork_

(QullIlan, 1969). This process Is an extension of-tarbori-e-11_1s- work_ to

quantitative problem solving (Carbonell, 1970) and is motivated

clasilc work -on_-probilems-(P_O-1 ya _Indeed, this -research7_can be thought

of as a step__An--the---=a-UtbmatiOn==-of=Po_l_-,y0--1_,-S-=heuristios._- -Problem--_,sol_utionf,--===-__=

-s closely refated to problem generation. The plan for problem sal utiori--31*

nerated at the =-_sa me time--f-hat theproblem Is generated.
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The CAMSEQ System

Overview

The system Is designed to be extremely flexible =in that it can complete

control the progress of a student through the course, selecting concepts for

.Study on an Individual- basis-and generating problems. Alternatively,_ the-_

==student can- assume the Initiative and determine his own_ areas of study and/or=

the =systems- erto operates i n a "_p _rob lem-so !verb mode.

e student--specIfies -the concept area and his problem aproblem,_ the

utioniwithout further_ _interaction._ It -1-

ated-that students in_ later= courses _and_ I

Subsequent );:ms

e_.attom as: Wen

ent eXerets

-Stu dent
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System Blo-ck Diagram

_

Student Name E B Xcoffman Master Ave. LS Current inteam 5 _

Concept #1 Cohcept--i2 -,Conceptiv.30_

Level = _ = 2=2 _ 1;5 0.5_
Last level
Weighted Ày. level .5 - .6--

-= =change
Date of last caR _ -3/15 __ 3/17
-Setide-titiitiotder of 25 _3f 4S

-=-1ast=c-A11-- =

No. of times called =-_ 2 _ 2 z -3-
in 0-1 range

No. of times called 2 1- 0-
:

No. -0 -= 0 0-_
in 2-3 range

-No=--df7probierns- 2 -_ 3 3
_generated



problem. A small increase in IEVEL (.07 to .28) occurs for each correct

-ant- ler and a small decrease for each incorrect answer. The student's LEVEL

i =n a -conce t to lines the difficulty of the problem generated and the

= amount of interaction he receives during- itt=solution. In calculating the

weighted average level change, the most recent change in a concept's LEVEL

:has the greateSt effect. Normal-ly-, the number of problems generated in a-

=-concept area for a Student who-is performing we1 -1 i-s around three or four.

In addition, the SyStem is supplied with -a concept tree which indicates

= ==the degree- of -complexity (pI-ateau) of _a -concept and- its relationship with other

_concepts_ in tne_ course-. A sample -tree-for the; toncepts_i_ current I y tovered--

his

between-rcourse__-_conce

t s-s---

systeM--___uses_each-_-_-StudentIs 47e-cor

erpretati on _-of thei=n

i=ternatel-nterpretations

etertm- ine.how__qu Untidy= -he -s_

e_= particu=lar path -_which -thbutd

bm==_to__-b0__ generated; and

em Sauti on . -=

Sloce--there -are -:a nIiarge-numLer--1) -_:_tontepts_ -aveTt-Sb =for = stud_ --the

Stem--attempts-to_nselect: _r-ne*-titbatept-±1n-±suth en-may-Ss to-Make optim-

e of- the_,:student'S_ e-is is -to pate the student through- the _coh--

t-eptis tkty--enough,--so that=-he-_does ,not ;become-bored-or- u-nmoti vated- and yE

----v=_not- so fast _that- he Leccmes:Undulyf-tonfUsiedz.-_
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Each student is assigned a master average when he first logs onto the

CAI_ system. This could be a function of his I.Q. Cr class standing (In the

past, each student has been arbitrarily assigned an intial -master average

of 2). This value changes as the systemgains experience witi"studenti

A student's master average controls the speed with which he lumps

from one plateau of the-concept tree to the next. ln order to jump to he

next higher plateau, the average of his levels of achievement in al.! concepts

at and below the current plateau must exceed his master average=. Consequently,

-the lower a studen-t's master average, the faster he will progress-. Each

student's_ master av erages_ s updated aftertzkhe ,completion of a__ p rob lem.isiss _

nee ithe---,St_udentsit ,plateau==has-__=been_detemilled,___ the Systatsselects ja

set of -candidate s_concepis-from-Ahls__Illateau_end-_thetessbelow it if necessary.

In order to qolIfy s sa__-c_andidateCOntept-,_itheaverage_-Of th-e-stude-

:ey_eirt of achievememt In all plrerequtSites_for-tbi concept (as_-__determined

for -thekcencept- ,ree),--mu sf exceed his master-==- sshots_thei

cate; the:_-prereciOlite--Conteptki-rii_With,--the -StOent,-:hats=th-67_1oWett rev&

Is selected as a candidate in Its place. This provides for automatic

of selected ccncepts at tcw pIateus.

-The---System---then-thooSeS,_=one- conceptsfrovtamona__rtfte=7Cand_idate-s.i- -EaCh-

sks concept is -evaluated based on a-number of factors such as the time -elapsed

since Its - -=
last _use, the "stability" of its _current -level, the sign and magnitude

of Its most recent level change (negative changes are weighted more heavily)

and Its relevance to -other concepts as determined by the number of branches

of the tree connected to it. Each of these factors is multiplied_ by a_ weight.
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The highest scoring concept is selected for presentation to the student.

The student always has the option of vetoing this selection and choosing

his own concept-or accepting the system's second -best choice. =

If the course-atTithor i =s= net satisfied -wich themanrier in which the-

system is selecting concepts; it is relatively = easy to modify the concept

tree or change the weights associated_ with each ernithe factors affecting

-concept selection. The concept selector is-completely course=independerit.-

,-Consequently it can be-used in-conjunctien with anotner course if it Us

rovided with a new concept tree.

It is also quite easy to_ add- new concepts to a course. A solution-

orl_thril and =problem -generator -MOs,

ling -- sequence is es

stes-=the,isalu_

e programed or _each new conce

g to determine the combinational logic required to build a sequential c=ircuit



Sample Student-System Interaction

liserive the truth table for the sequential network



TABLE- 2 ccntinued

The next state for input X1 = C is

This corresponds to Y2Y2 1C

What is the =value of the cutput?

0-

ype

ia_
ITYpe

C-

_ Type in S2

-=C

-Type- in -R2

-=I-_

cidr answer- is- ok-hut a-- better -answer is -S2 = 0, R-2 =-z1.1 (D is a 'don't care-1_
1-'-Y-2i ISI-i-; 21 il_OUTPUT_I_L



C. Problem Generation and Solution

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

covered by CQMSEQ. Associated with each concept is a problem generator and a

soluti=on algorithm. The probiem_generation routines are very much interrelated

In that they share-several common subroutines. The Subroutines are of two-

basic types. The first type is dri-ven by a probabilistic decision table. All

of:the decisions which affect problem complexity are identified and comprise

e rows of the table.- There are nine columns as there are at most three

=possible outconies for each decision in each of -the three LEVEL ranges (0-1_,-

2,_ -2-3). In Table 3, the _entry in row 2 column 8-means that the prob-abiii-ity

oba

ct e=1_

ne-- r_ati_on: process-

-arrrnars-.-- _

ca,1 _eXptessiont --for use, in =the c-oncepts--deating -With truth =tables and

uentla l= circuit z-Tanalysi-s=.-_- -_-left -of -the- arrow

-a non,-tertni-nai--_Symbelr_ and_ ten_i_be__repi aced by the =String of symbols

ght -of=- the -= arrow . '_The= Indomplete-- log IC6-1' expression is- scanned- -=from

gm- 'for -,Wherr_the -symbol-- A

P-Y_r_ePretente the -prObabitity of lint-retSing-_the Length of the
-a_ -_

retaion- where-:



TABLE 3

Decision Table fcr Generating State Table Problems

Number of states(21415-8)

Number of input-bits (01112)

Ottput labsentlpresentt-)

obabiiity".



where n(t) is the current length and C

Since (P
a
_+ P

b
) is inversely proportional to the current length, the

logical expressions do not become unwieldy. If the random number generated

=indicates-that the expression should not be extended, one of the terminal

symbolS _{P, Q, JR, S} replaces A.

If the non-terminal symbol is *,-one of the five logical -operator's

A, +,= al = rep Iaces it. P increases with LEVEL; while P
d

decreases.

Hence, the more difficult operators are more likely in expressions generated

for advanced students.

-once-pit which --teaches_the-Use-Of Karnaugh Maps is -a= good example of what

n be done-Iti---the----Way of error analana1ysi in- the tample _problem tishowni in

:able 5 the student Is attempting to identify all squares with truth, value

I _which must be picked up In= pairs 1('2=SQUARES"-). The only required pair ,=



ANSWER ANSLYSIS IN KARNAUGH MAPS

Minimize a function which has 5, 7, 8, 9, 13, 15 as minterms using

the Karnaugh Map method.-

=SHOULD;110T'-_ -_(07-

-2

:ORRECT--s.;-_ =ENTER-IfORE72-;SQUARES IOR--9-9.-_-



variety of student errors. It is produced by calling the parts of the

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

-valid 2-SQUARE, are also-part of a 4- SQUARE. This-group of 4 (5, 7, 13,__-_15)

-is, of course-, preferred. Response B results since no valid 2-SQUARE-exists

-,:Which-contains min-terms 5 and -15. Even though 9 and 13-form-a-valid 2- SQUARE,

each -of these minterms is -also found In another 2-or 4- SQUARE. Hence, -the=

aigorlthm corFrectly-decides-to defer Selection_ of this pair_as indidatetiby

sponse=C,=----

----importaWhito!htiteAtat--thJa =i ype --iejdetatted=remeditIL-feedbaC

ava_t =l able-regar =VarTa =variableomaca



III. The MALT System

A. Overy ew

The subject matter of-MALT- is somewhat different from COMSEQ and

CAILD in that it teaches machine language programming. However, MALT

does ut=ilize several of the concepts from COMSEQ in the problem solver

-mode to simulate the execution of a student- program. These include the_

concepts -dee I I ng w ith octal ar thmet I c- and log Ica operations.

-In machine language programming-,_ there are-certa-in_ basic concepts wh-1C

--must be used over and over _again in the design of a complete program. For

-example, --pointers= to data: m-u-st--_be 'I nit-latized:,counters _(-to keep _track of

--aCCUMU_ r=-E _,ov_er e-i-Cheeked

-_a=s-0--==somew a -more-_:_s ec a ze_cancep -s=__i_wtriCh_rof==ten-_use_ e_se:

sic--conceptsSt-Subrou--fineTS-._

he contents of _a re iter e _be-sic concepts concerned with- trans

e_rtenceptS:=hav_e-,b-een---is-o-lated _as essential_

-of rriacivine arigua e roar-anis,. _AS__ they___can- be- cembined- to_ form_

The-condept-_--routi=he-STh-tereet---With the- Studeht__durlrig the -design Of -hi

1--titten_ _program-. They so Lid 11--_-prOgram-i_ statements -from him and _present

=remed i_a l == feedback= i f -=h i =s= response =Vs incorrect, Figure 3- is a block diagram

of the MALT system :wh ith shows the intern-al and external (STUDENT) f low of

1 nf ormat ion .



Problem

Generater
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Proararrrn 1 ng Problem

Concept Sequence

_Student
.

-Mode

S=

Leg i-c -Log i-ca I T

Generator Sub-Tasks

7

-= --Parameter
_ st = _

nce

.



The previous student performance determines what type of problem will be

generated. This problem is presented to the student In natural language

and also passed on to the system as a concept sequence and parameter list.

-Next, a list of logical sub tasks for each part of theproblem is presented

to the student. The system representation of this "flow-chart' Is a

-_- sequence of calls to concept routines.- These concept routines solve the

-programmtng problem and interact with the student to-monitor his solution.

As the student undertakes each subtask in_the-programming-proceSs,-a

--corresponding Concept Routine is entered by the CA-1 system,_which guides,

-the student through the Construction of that part of his program, During,:

_this phase,_the student is censtantly being given feedback as-to the correctness ^ _

-------- =--
-hiS7progrbM-.- _Lfihlt7-prograM IntrOdlicet_loUctliert&s,-theisySteM

ant these outand_ofter,hpfpfutsuggestiohs=jor:thetr=correctlen,,_ tie

-

stem-feels that -the student might benefit frcm observing his program ihs

ert-terf-,__ItetSchas_thecaptbItItYito eimulate-statement-by-statemeht===-

ogrtm=eXeCattO.-_

--The system -is constantly-ev-truating_ the, student-fs _performance_ tnd updating

s berMthent Thitislhecessefy-bectuse-hts tchievementtdeterMinesnot

_ only_the-diffiduity of the probiemS-giveh_ him, _buttiso the_amount_of Unteraction,

which he receives-during--the,design-ofis program.- -_-_

, Table provtdes 6-tomplete-example-Of the operation of-MALT. The

-cOmMehtt_in squtre_ braCkets hava_been added to clarify this-exampie for

anyone not faMiliar with the POP-8 Instruction set, Each of the 4008 memory

,regitters-is 12 bits in -length-. 'The first octal: digtt of tn InstrUction Ys

the operation code. The Vast three octal digi4-Specify, the address of the



-21-

-MALT in Operation

TABLE 6

Your problem is to write a program uhich will:
Read in 20 (octal) ASCII characters and store them in registers 232 through 252.
Form the sum of registers 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
2) initialize a etr with the value of -20(octal).
3) Read in a character.

4) Store =it away using =the ptr.
5) Update the ptr.

6) Update the ctr and if it is not zero, jump back to start of loop.

SUB-TASK 1:
ince ter, we w

e ister which

value,astorea

=store_the- tr value in-memory
usa-a the actual ptr.

-M376 -as- t e -ptr.

r value-:f

adOntehttaof :M376-3

e as :
into =t

sit Acc into 1,1376 , clear ACC]

TASKH-21- _

WilIa-attireatheadtt--vaiue_ain-,metifory_aaticla then_ move it into another

isteri-for -useaaSathe

Ise_register =375 =to store=the ctr value and_register--274 as the dtr.
75:

757

57 can't be used as the ctr value. Try again'
75:

760 [= -20 in 21s complement form]

irst, get the ctr value:
11002:

1375
Ind deposit it into the ctr.
003:

3374



SUB-TASK 3:

First, check the reader flag.
M004:

5031

To check the reader flag is

Next, jump back 1 register is
1.1005:

5004 [JUMP to M004]
Now, operate the reader.
M006:

6036

SUB-TASK 4:

M007:

3376
Wrong!

"DCA I PTR" is :3776 [This should be an indirect deposit]

B-TASK 6:
increment the ctr.

1.1:

374

if not zero, jump back to start of
'x1012:

02

ere are the sub-tasks_for the= 2nd- line.
Initialize a ptr to register 232

2) Initialize a ctr with the value of -20(octal)
3) =Add in the next= register -in= the list.
4) Update the ctr and jump back if the ctris not zero.

SUB-TASK 1:
Register 377 already contains the ptr value, 0232, so u

r.

w, get the ptr value:
M013:

1377
End deposit it into the ptr:
M014:

3376

Sub-Task 2:
We can re-use 11.375 as the ctr value and M374 as the ctr.

M375: 7760
First, get the ctr value:
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operand. If this is a number > 400
8'

the instruction is an indirect address

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

with a pointer to enable an operation to be performed on a group of adjacent

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

1- is performed.

M377 stands -for the memory register 377. The student's program starts

at M000. The first-character of each student response Is underlined. The

dialogue shown is that-which would be received by a beginning student.



Each programming problem can be thought of as consisting of three

-distinct phases; an input phase, a processinc phase, and an cutout phase.

There is a set of problem primitives associated with each. A problem

primitive is a parameterized statement. = {1 OP LIO) is the set of

problem primitives where I,P,O represent the sot of input, processing;

and outPut primitives respecti=vely and is their union._ The null primitive

is also en element Of 1,P,O; consequently, many problems will have fewer

= There IS=a function=d-defined over the-real numbers from-0 to 3.0,sudh

that d(e) is the- subset of P whfci, may be-used in problems for a student

e---subse

ming probl =em = generated _F-s-- suited -11a the-Studentl=s=ability-end that the problem
- , a

'!makes =a-sente14_

PrOblemigenerationTi then), proteedety4= An-=input

statement; -A ts selected_at random froth the tet of eligible input primitives.

One -of-thesei_P= IS selected -at randOM = and -this process Le-repeated to select

OK: -Attnal_cheOle-ale-Made,to__determine-that-the-problem is suff- iciently -_

different-frOm thipseelreadyworked-by-thie student =and then the values

jarameters in the seletted--_primitives-arearandOmly generated. Table 7

gives an example of sortie resulting problemt in order of increasing difficulty.
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TABLE 7

Sample Problems

Note: AII randomly generated parameters are underlined

Level Range 0 -I

I. Add the contents of register 150 to the contents of register $67.-

2._ Print out the message "HELLO'.

3. Read In a series -of ASC-11 characters ending with a_* and store=

them-starting In location 120

4. Read in 31 ASC-11 characters _and store them starting at location=

300. Search register 300 through 330 for the lar2est number--

Level -Range 1-2_

I Read-- -.series-:oft, numberSE=and store -them- =starring- e

TOtatIon 250, The---_-1 nput-W 1:Wendi--when.-the- first character.=Ofl-a=

_2.- -4? a-l= our Tagiin-umb-ers:a-rid'-stOte themiisterting-at

loCati_On= 242,
-Search_---iteg_i_Ster-S_242--thru 265--if-ot _the -Ust number

which =begins w -ith = the= octa =l

-3. Muttis,1-y- the= contents- reg i star 21=

Cexainp 70XX)

the contents of _ regi-ster-fl-

31 0 .

Ftne[jy print-out the 4 -digit contents -of-the_ AccUmulator%

ever Range 273

I -Search -registers 160= thru 205-lor theTOCtal- =number 72[5,--
--For registers- 160: thru- 205,- 0int _out- the regi-ster number, ,space-S,1

and the octal contents of that regi=ster-_.

2._ Assume-a table has been set -up_ Starting at [otatlob 120 consisting

Of a_2- character symbol followed by -a number; there are of these

entries.

Search_ the tab It. forthe- _symbol a-nd*-retrieve the corresponding=
number. If it is =hot in the table, ithen halt the program. _

F I na 1 ly print out -the 47dIg I t -tante-tits of -the Accumulator.
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Associated with each problem primitive is a string of two digit numbers

called the concept sequence. This sequence indicates which of the thirty-

five basic concepts of maehrhe, language programming-must be performed and in

what order to program each primitive correctly. The average number of concepts

needed per primitive is six

Each primitive is programed separately ;- hence, the concatenation of

the concept sequences for each of the three selected primitives is the

concept sequence for the complete. problem. This sequence specifies the form

which the student's solution must follow and is equivalent to a flow-chart.

It is interpreted by the LOGIC GENERATOR and printed- as a list of sub-tasks

prior to programming each primitive. _Table 8 shows the concept sequence= -=

or the problem being programmed in Table

s restri=ction - on= the form of the student's program is essenti-a
-10-,order for = MALT to verify the-correctness of-the student's program and he

run) with the coding. Since the student is a neophyte in machine-languag-e

ramming, it is felt that this imposed structure, is useful in showing_hi

W_=-to-attack a- programmi=ng_problem_rand_-outline 11s-solution. He_does=have_
=

considerable: fetedeM in- coding eaoh tub-"tak Will- be- discussed i_n therieXt

,ogrami-Co-di ng-and- -Veri=fization

The_eeding_of--each- sub7task I-Smonitored by the concept routine In -the

sequence responsible for that sub=-task. If the student's-LEVEL exceeds the

--generation threshol=d for the routine,_ the coding for the associated sub -tasks

(Or -Sequence of sub-tasks) is provided by 1%4ALT. If the student's LEVEL TS-

-very lbw, he is led -by-the =hand and program statements a-e requested One-at a



Concept Sequence: 23240715103 232410 18

The "I" following concept 15 indicates this subtask should

performed indirectly.

The spaces indicate the end of a problem primitive

Terminate a loop

Input ASC,II_Characters

---Add,A-SerieS_afadiaOent:=tegiStntS

= ,Store:thanccumuiator-=contents-in-Metaty

Zheck:-Iinkstatu

=Initialize counters



time. The intermediate student will normally enter a group 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 program'constrants are placed at the top of

memory beginning with location 377 and proceeding downwards. The middle

areas of memory, locations 120 through 350, are reserved for 1 ists and tables

to be used by the student's program,

The existence of a program loop is assumed by the system whenever a

A bet- f US thee i k o accumulator

-status.- The-s-imu_lated-_,cOMpute-r has neither a -non=detructivel deposit no-r---a_

destructive load instruction, Hence, the accumulator mUst be cleared prior'

--- to- roading with---a giVeh number and must be reloaded after a number has-

been cleposi-tedi i-n- memory; -if--the-nu-mber is still needed. The status of the

ateuthulator IS going- to daterMibe which of -several alternatives is to-be --_

purs-ued: by cer=ra I-n -of -the concapt routUn-es i-n- the deti-gn and_ checking of

-pro-gram segment.

A -comp 1 leafing -factor Yn determUning= accumulator status is the- existence

of logical_ branching- Or program Jumps. The acturaulatOr status may differ



depenaing on whether a concept routine was entered sequentially or through

Forward Jumps to yet unprogrammed concept routines also present a problem,

as the memory location in which the new routine starts is not yet known.

Consequently, MALT keeps track of the first memory location of each concept

routine. If a Jump is made to a-previously programmed routine, the required

instruction is provided immediately. In the case of forward Jumps, a note

is made of the memory location in which the Jump instruction belongs and

the concept routine to be reached. When this concept routine is final -ly

proarammed, MALT completes al I prior Jump instructions which reference it.

here-are two Important echniques used-by the MALT system to jud

he correctness of a student's program. The most = common method is to ana

stt-_:=So that there: IS,ImMediete- feedback-to the -student.

ilmMed-leit-Natift__0811-Ohl-iffiptiet-zthat 'the system -must haVe a detailed i

now-ledge-__-of- the -status ofithe-i:user-t-s_pregram at all times.-- As- the studefit

formulates each r f _
esponse the system also generates what It considers to-bezs _ =

an appropriate answer. -_ =-If the -two do= not match, the-syStein -must determine

if other responses are postib ie. If so, the student's-answer is =compared-

with allI -_SuCh reasonable poSsibi I ities. When the SysteM finally decidet
=

that the response supplied by the student is in error, it informs him as to

the reason_for this determination and supplies the best program alternative.

If the student's response matches any of those whiCh the system generated,

then it is accepted by-the systeth as a valid alternative to its own solution.



Since this was not the expected result, however, the system must adjust its

representation of the users program status to reflect the new conditions.

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

particular sub-task, the program segment supplied by the student is simulated

to determine Its correctness. To verify the user's program through 'simulation,

all conditions of the machine which might possibly affect final program ret-Its
are determined. For example, if the program is intended to perform a particular

operation depending upon the status of the overflow Link register, thenzonly

two initial states -are necessary; the program i s= tested with a zero Llnk

and again later with a non-zero tittnk.

Once the various initial states have been determined, the program-

instructions; o regram -braritheS-_WhiiCh ette_-d I rected -Outsides the Liter't-
----

prOgram segment. Any such conditions_ are corrected _Immediately by the-Student-,

the current set of initial conditions is zre--ettabliSh-e-dT and simulatib

-If any partictitar -fermi-nal_ condition indleateS--that th-e user's -pr-brtam

did not perform its function correctly, MALT-attemptt- rerned 161 -action. 7-: -Since

it- is-aware of the exact results _which should have been- obtained, it can:-provide

_a concise description of the error. It cannot,--however, isolate the location

of the error in the user's- program. This deterMination must be left up-to

the student.- _However,- the problem na-s -been greatly simplified due to the_

system's diagnostics-and the user's ability to observe his program in execution.

If the :Student-is unable to correct h-is program segment, MALT wit! generate

a correct program segment for him.



The final system to be described is concerned with teaching students

how to use integrated circuits (I.C.'s) to realize some of the "paper designs"

problems encountered in COMSEQ.- As many of the students enrolled in this

course have had no prior exposure to digital or even analog electronics,

CAILD performs an essential service. Figure 4 is a block diagram of CAILD.

The student first constructs his circuit off-line on a special student

Logic Board. He has a fixed set-of I.C.'s to work with which includes

several types of NAND gates", inverters-, four JK Flip-Flops, and four D

'flops. The -output of each-gate can be monitored directly by CAILD. _

-re are -too many = gate input== Points to Justify giving CAILD the ability to

moni =tor them a I I . Consequen a test probe is provided which is connected

ILD through en A/D converter. The student can move this probe to any

point in= the circuit.

=Once -,_ithe:-_student has__constructed-:hls_ CFrOurt,_-:_the il_og-ic. board' is

fin-belted:- to rthe---general=purpose: -I npu_t/Output-bu-ffer -of the _PDP-9 computer.-

the Case of sequential circuits, each F_Iiip-=Flop control equatT n in sum-

,product-form.- As- each-- equation is entered, =lt=1 =s checked for syntax

rrors and all variables used are -noted. Each- equation- is then converted

=-1-6 NAND format and stored in memory.

Debugging proceeds by testing the output of each equation for all

uipossible combinations of the input and state variables. CAILD sets the input



Figure 4

Bieck,Dlagram_of _CA N_D-
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and state variables in the circuit to correspond to the combination being

tested. The logic value present at the circuit point under test is compared

to the value predicted by the equations. If they differ, CAILD aids the

student in tracing down the- circuit error and waits for him to correct it.

CAILD then- retests the equation.

When all equations appear error free, the circuit Is free of any wiring=

errors or faulty components. In order to verify that the circuit actually:

does what the student intended, CAILD allows him to test it out The -student

specifies a set of test conditions which are applied by CAILD to his

The resulting output values and, i n the=case of' sequential circuits, next = r:
=

-debug a7=verti

tipUts7-:_ =xteen:=Output _eqUat ion-s-= Can a so-- be-

s:1-ge The additional irnputjitnes-=__aire-ohteine-dby ail-owing-the

ate- variables _to7i5ervo as =_ -Input variables_.
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B. Error Detection

There are three categories of errors which may be detected.

I. Wirinc, error at input of I.C.

2. Improperly powered I.C.

3. Faulty J.C.

The presence of an error is indicated by a disagreement between the

monitored logic value at a gate output poin, and the simulated or calculated

value. To trace the error to its source, CAILD checks the logic 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 CAILD will =

switch its attention to this gate and its input points.

If-all of the lower leVel outputs are correct, then there may be a

wiring error. ThiS is deter-mill-6d by-monitoring the logic values at the ,

= corresponding input potnts of the gate in question. If there is a disagreement,

then a wiring- error exists. If there is no disagreement, then the gate Un

Auettion is either faulty or powered incorrectly so CAILD will next check

-the voltage values at the-power and ground- points of-this J.C. Figure 5

Is a flow chart-of the complete test-procedure.

!n all of this, the student is actively involved-. He muss refer carefully

to his wiring diagram end inform CAILD of the Iccation of all relevant gate__

output points. He must-aisc physically move the test probe to all gate

inputs which are to be checked and ail suspicious I.C. power and ground points.

Table 9 shows the interaction between CAILD and a student during the-debugging

process for-the wiring diagram in Figure 6. The first error found Is the

absence of a ground connection to the inverter. The second error is a missing

wire between M57 and M50. All student-responses are followed by a ';".
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TABLE 9

CAILD In Operation

EQUATION UNDER TEST:
Z1=(X1tY1)T(-X1fY2)t(Y1fY2);
DO YOU WISH TO PRINT OUT ALL TEST CONDITIONS ?
(Y or N)
N;

SIMULATED OUTPUT CONDITION: 0

ACTUAL CIRCUIT OUTPUT CONDITION: 1

INPUT CONDITIONS: X1 Y1 -X1 Y2 Y1 Y2
1 0 0 1 0 1

TELL ME THE OUTPUT CIRCUIT POINT FOR
THE GATE WHOSE OUTPUT IS Z1
P31;

TELL ME THE OUTPUT CIRCUIT POINT FOR
THE FOLLOWING TERM:
(X1tY1)
M49;

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 (X1tY1)
TYPE ALT MODE WHEN YOU ARE READY.

THE WIRING SEEMS OK.
TELL ME THE OUTPUT CIRCUIT POINT FOR
THE FOLLOWING TERM:
(-X1tY2)

M52;

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 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 GROUND LEAD
OR A WIRING ERROR TO THE GROUND LEAD.

CORRECT THE FAULT. AFTER THECORRECTION,'TYPE ALT. MODE
TO RETURN TO THE DEBUGGING PHASE. -

TYPE ALT MODE WHEN YOU ARE READY.

EQUATION UNDER TEST:

Z1=(X1tY1)t(-X1tY2)t(Y1tY2);
DO YOU WISH TO PRINT OUT ALL TEST CONDITIONS ?
(Y OR N)
N;

SIMULATED OUTPUT CONDITION: = 0
ACTUAL CIRCUIT OUTPUT CONDITIONS: 1

[Note: MISSING GROUND

CONNECTION DETECTED]

INPUT CONDITIONS:- X1 YI -X1 Y2 Y1 Y2
1- -0 0 1 0 1

TELL ME THE OUTPUT CIRCUIT POINT FOR
THE GATE WHOSE OUTPUT IS Z1
P31;

TELL ME THE OUTPUT CIRCUIT POINT FOR
THE FOLLOWING TERM:
(X1tY1)
029;

THE CIRCUIT PT LABEL YOU PUT IN IS NOT A MONITORINT PT
ON THE CIRCUIT BOARD. TRY AGAIN.
M49;

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 OF (X1411)
TYPE ALT MODE WHEN YOU ARE READY.

THE WIRING SEEM OK.
TELL ME THE OUTPUT CIRCUIT POINT FOR
THE FOLLOWING TERM:
(-X1tY2)
M52;

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 OUTPUT CONDITION: 0

=TUT THE TEST PROBE ON THE INPUT OF NEXT HIGHER LEVEL GATE
WHICH-IS CONNECTED TO THE OUTPUT WE JUST CHECKED=
TYPE _ALT MODE WHEW YOU ARE-READY.

EITHER YOU HAVE A WIRING ERROR OR AN OPEN CIRCUIT [Note: MISSING WIRE FROM
AT THE. TEST POINT.- M57 to M50]

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

EQUATION UNDER TEST:
Z1 =(X1111)t(-X1tY2)t(YltY2);
DO YOU WISH TO PRINT OUT ALL TEST CONDITIONS ?
( =Y OR N)

II;

DEBUGGING COMPLETED FOR ONE EQUATION.
DEBUGGING PHASE COMPLETED.
DO YOU WISH TO TEST YOUR CIRCUIT? (Y OR N)
N;

OPERATION SUCCEEDED!!!

[Note: NO ERRORS
REMAINING]
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V. Evaluation and Conclusions

The purpose of these CAI systems is to augment classroom instruction

rather than replace it. None of them is really intended to be an end in

itself, but their purpose is to_help the student bridge the gap between

theory and independent application. Experience has shown that these CAI

systems are far more effective than conventional homework assignments for

this purpose.

After using MALT for approximately two weeks, students are required to

program and run a sizeable problem in assembler language. Students who have

acquired a feel for machine language programming through interaction with

=MALT find_it easier to strike out on their own and complete-their- assembler

language program. CAILD has not yet been evaluated; however, the authors-

-anticipate that the experiende gained by students in debugging digital=

circuits under the guidance of the CAILD system will prove beneficial to

them in later -laboratory projects.

Since each-of theSe systems is "intelligent" in its small domain of

application, they-are very flexible and ate-not limited In the problems-they

can solve. For-example, CCMSEQ is available as a problem-solving assistant

to help advanced students design and simplify the logic circuits to be debugged

and tested by CAILD. Imfact, the student can use COMSEQ to derive his circuit

equations in minimal Sum-of-Product form.

CAILD itself can be used to build and debug digital circuits such as

counters, adders, decoders, and shift registers. The only constraint is that

the number of independent circuit variables not exceed six (two inputs and

-four state variables or six- input variables). Combinational circuits can have
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up to sixteen output lines; sequential circuits can have up to sixteen

states.

Present plans call for adding a "front end" to CAILD which will

allow a student to enter a state table for a problem or select one of a

variety of circuits to build. CAILD will then aid him in determining a

correct set of equations for this circuit. Finally, CAILD will teach

him how to wire the individual 1.C.Is prior to his constructing the circuit.

Due to its modular construction, certain of the concept routines in

COMSEQ are used as subroutines by more advanced concepts in COMSEQ and also

by MALT (during program simulation). For example, a student who has produced

the state table for a counter can, if he wishes, continue on and derive a

truth table for the Flip-Flop control lines, and also determine the minimal

combinational logic required.

It is relatively easy to add new concepts to COMSEQ. A new problem

generator and solution routine must be- written. There is an instructor-mode

available which can be used to make the necessary additions to the concept

tree. Similarly, new problem primitives can easily be added to MALT. _The

concept sequence for this primitive must be defined in terms of the thirty-

five basic machine language programming concepts which are available for

use in MALT. Also, the other problem primitives it can be interfaced with

must be identified along with the LEVEL range in which it may be used.

COMSEQ and MALT also attempt to individualize the problem selected for

the student and the depth and pace of instruction provided. COMSEQ, in

particular, learns about the student as the course progresses and uses its

expanded knowledge of the student to decide how quickly.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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The authors feel that this set of generative CAI systems will

continue to be useful in augmenting the learning tools available for a

beginning student in computer science and electrical engineering. Hopefully,

the concepts employed in developing these systems can be applied successfully

in other course areas. Current research includes the design of a system

patterned after COMSEQ for teaching problem-solving in high school algebra.

An author language for facilitating the design of future CAI systems is

also being implemented.

_A questionnaire was distributed to students using_COMSEQ and MALT

this past semester (Spring_1973)._ A summary of student_responSes to-some of

the questions in thIS questionnaire is given in-Table 10. These results_

clearly indidate student acceptance of the role fulfilled by these systems

in the course.
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TABLE 10

Student Evaluation

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

For questions 1-15 the numbers of students giving the following responses
are tabulated

Strongly Disagree Uncertain Agree Strongly
Disagree Agree

-1. The system was useful in introducing me to machine language programming.
0 2 1 _ 18 12

2. It was relatively easy to learn to use the batch version of the assembler=
since I had been introduced to programming concepts through MALT.

0 5 9 -15 7

3. Since the subtasks were always laid out for me, I felt very constrained
using MALT.

0 19 9= 5 0

4. BecauseAha subtasks were laid out,=I only learned the mechanics of
programming and didn't=really understand what was going on.

1 = 16 8 5 2

5._ The approach taken in-printing out the -subtasks was good as it taught
me how to organize a machine- language program.

0 2 = 7 20 4

6.= The problem became more difficult as my level increased.
1 3 7 = 3=

7. There was a good variety in the problems I received in MALT.
1 12 6 -13

8. In general, I enjoyed the interact -ion with MALT:
0 3 6 21 3

In general, I preferred the use of CAI in this course to conventional
homework (both CAI systems)

0 '2 4 11 - 16

10. I_was concerned that I might not be understanding the material.
3 13 -4 7= 1
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11. CAI is an inefficient use of the student's time.
11 12 .2-4 2 2

12. CAI made it possible for me to learn quickly.
1 6 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)
0 2 2 23 2

For questions 16-17 the numbers of students giving the following responseS

are tabulated

All of the Most of Some of = Only = Never

time the time the time Occasionally

16. I-found myself just trying-to get=through the material rather than

trying=to learn.
1 =5 5 13 - 4

17. I-was given answers but-still did not-understand the questions.

0= 1 =13 5= 10=
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VI. Problem Generation And Solution in High-School Algebra

A. Overview

This chapter will describe a generative computer-assisted instruction

(CAI) system for high-school algebra. The classes of problems which the system

can handle are word problems, manipulation problems, and graphing problems. Word

problems test a student's reasoning and problem-solving ability; manipulation

problems test his grasp of the fundamental skills arli techniques; graphing pro-

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

equations.

Problem generation for all three types is based on a probabilistic

grammar. A fable of _probabilities covering each rule in the grammar is used

to tailor the problem to the individual student in terms of desired emphaSis

-and level of difficulty. For-example, the table might -favor generation of

er "age" problem if additive concepts were-to be emphasized; whereas, a

"percentage" problem would te more li -kely if multiplicative concepts were to

=be emphasized. If a difficult problem is desired, the probabilities associated

7 =

'with complex problem primitives or complex expressiont would dominate.

Like problem generation, solution monitoring is dependent on,a student's

-past history. When a student begins a new concept he will be led step bystep

-through the problem and essentially "learn by example". As his proficiency

increases, the system will-require less and less interaction and provide less

instruction. Solution monitoring- (after the student is sufficiently advanced)

-consists of checking to see that his approach appears reasonable, accurate, and

error free. If the student appears to be having trouble or if he asks for help,

parts of the solution will be given.



B. Manipulation Problems

Manipulation problems are used to increase the students skill in

algebraic operations. For example, if 4)0-3=7, what does X equal? The

intention is to supply a different type of manipulation problem for different

-_conceptsrto be emphasized. In order to obtain-different types of problems_

from one generation system,,a prababilistic grammar rt used to generate each
.11

expression of the equation. See page 13 for an explanation of probabilistic

grammars). The grammar Is implemented as a set of recurrsive PL/I functions.

A table of probabilitiet is used in the call to the generator routines to

supply initial probabilities for each rewrite rule. Also in the table is

a set of decrement values whichare-used to establish a linear conditional

probabilities effect. The currently used grammar is shown in Table
=

In- order to generate problems of a specific type, the appropriate prob-

abilities table need only=be passed to-the generating routines. An inter-

active program is available to the course author so that hecan experiment

with the probabilities table for each concept before incorporating it- into

the concept-itself. =

As an example, if the derived problem type is a quadratic equation in

one variable, the probability and decrement for a following term are set-to

values whith tend to-produce three Or-more-terms in the final expression. Each

termi> is rewritten as <factor>. The decrement values-are applied between each

call to <term> Hence, The probabilities associated with each re -write rule

of <factor>are different for each term, of the expression. That is, the

probabilities are adjusted such that in the first term the re-write rule

<factor>4.<VAR>t<POWER> is-chosen; in the second term, <factor>4<CONST VAR>;
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Grammar for Generating Polynomials

TABLE-11

I. EXP+TERM {+ TERM}1{:TERM}

2. TERM÷FACTOR {* FACTOR }J{ /FACTOR}

3. FACTOR4-(EXP)INI(EXP)IVARICONST VARIVAR +NICONST

4. VAR- XIYIZ

5. CONST+ 0111...I91CONST CONST

N -4-11213

There it a probability associatedwith each re-write rule.

-NEY: Rewrite Rule i states that an expression can be,replaced by a single

-__term followed optionally prus or minus sign and another term.:_
=

(Any quantity enclosed in brackets is optional).
= =

=



Word problems are used to increase the students problem solving abilities

in the sense of converting a verbal description of the problem into equations.

As in the case of manipulation problems, the word problem generated should be

appropriate to the concepts to be emphasized. An additional difficulty

in generating word problems is that the solution must be generated as part of

the problem generation procedure. For this reason, even though the word

problem generation routines can be modeled as a probabilistic grammar,-they

are actually implemented as a set of PL /l routines which manipulate a LISP-

like data structure. Tho data structure (actually there is a separate data

structure for each problem type due to storage limitations)contains a set of

problem primitives which are strung together in order 'o construct a problem.

The data structure imposes a difficulty ordering on the primitives, associates

a solution primitive with each problem primitive andadditionily indicates

which primitive can reasonably follow from another in order to make a meaning-

ful problem. As with manipulation problems there.is a table of probabilities

associated with each problem type to be generated which controls the manner in

which the data structure is traversed. It also controls the probability of
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Appendix

Abstract Problems

An abstract problem is a triple (data, unknown, relation) where data is a vec-

tor of input variables. The unknown is the variable whose value is sought as the

solution. The relation defines a function which assigns a unique value to the

unknown for each vector of data input values. An abstract problem can be repre-

sented by a function whose domain corresponds to data, whose range corresponds

to the unknown, and whose rule is given by the relation.

An interpretation I of an abstract problem consists of an associatiol of an

object(s) to the abstract problem and the assignment of specific attributes to

-the data variables and the unknown.

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

butes of the interpretation must belong to the domain- of the problem.

Let Pj(I) denote the pl,oblem Pj with the interpretation I; unknown (Pj,I)

denotes the solution to the problem Pj(I).__Let the class of problems generated

(or represented) by Pi using all allowable interpretat:ons be denoted Ci.

Pi is a subabstract problem of Pj, denoted Pi 5 Pj, if Ci 5 Cj.

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

Let Pi and Pj be abstract problems. Denote their domains by Di and Dj,
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selecting a more difficult problem primitive. This table is updated as a

student progresses in order-to prevent too many similar 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 capable of

generating a few sentences; the grammar actually used i3 considerably more

oompley The answer primitives shown are in a simple form which can be used

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

but they currently do not supplyenough information to allow the program to lead

the student from word problem td'equations. -They will supply this information

eventually but the final form is not set at this time.

One could look at each rewrite rule of the grammar as a function which

I=

returns its value in a manner similar to the manipulation generation routines,

The reason for not doing so are technical characteristics oi_PL/1 involving

effective storage utilization and ease of modification. If one looks at the

-rewrite rules as -functions which return values, the poSsibility of primitives

-which are evaluated for their effect rather than their value comes to mind. For

exaMple, placing a picture on the screen to supplement a geometric-type word

-problem would involve an-entity which causes the figure to be displayed. The

intention is to experiment with this later,

Given:+he:above data structure, word problem generation -is relatively

straight forward. The data structure is scanned using the probabilities table

-to determine the relative difficulty of thesproblem, substitutions are made for -

variables in tie primitives (for instance, Ci and -C2 in Table 12), and the

solution equation(s) is generated for the problem from the answer primitives.



-50-

D. Graphing Problem Generation

The generation methods for graphing problems in a high school environment

require little sophistication. Most problems are concerned with finding the

slope, X-Y intercept, or perhaps the points of intersection of two first or

second degree curves on a plane. The expression generator for the manipulation

problems can be used to generate the equations to be graphed. A simple probabi-

listic grammar can be used to decide the type of problem and the solution method.

In short a combination of techniques from manipulation and word problem generation

will be used. Pure graphing problems in this system will be a series of short,

fast interactions between machine and student-in-which the student receives immed-

iate feedback after any mistakes.

Graphing is a problem solving method and not an end in itself and the intention

is to have graphics as available to the student for problem solving as algebraic

manipulation.- After the student has progressed sufficiently, graphing may be

the required solution method for word problems (particularly for problems with

several equations and several unknowns).For the final stages of a student's CAI

work, he should be able to decide when to use graphics -as the solution method for

a problem.

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

cases:, the probability tables pasted to the generating routines can control problem

difficulty as well as problem type. In all three cases, an instructor experimenta-

tion mode is, available 'to that the Instructor can experiment with the

probability tables and data structures to test the output of the generation routines.

In the case of word problems, an additional difficulty can occur, particularly

with a slow student. The number of possible problems- is much smaller than for the

other two types and for some concepts there may be only twc or three possible first
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sentences. At the very least, there should be some way to insure that the

number of repetitions is minimal. (A problem is certainly easier ii it can

be solved by direct analogy with a previous problem.) Therefore, information

concerning previous word problems will be associated with the student's record.

The exact format Is not set as yet.

E. Solution Monitoring

In a student's early stages of use, the system will lead him step by step

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

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

_the problem. It is, of course; much more difficult to monitor his work at this

stage. The system can check that his work is algebraically correct, start the

problem over if the student desires,-or in many cases suggest how to proceed_ to

a solution. It is difficult-In complicated problems to keep the student from

gOing off on a tangent. To circumvent this problem io some extent, a desk

Calculator mode for both manipulation and graphing is planned which is partially

coded and debugged.

This mode is envisioned as being available to'the student from any point to

allow experimentation (without machine supervision) in a sort of scratch paper

manner. For manipulation problems, commands to perform common manipulations will

be vallable (e.g. 'ADD 3X' will add 3X to an expression). In the graphics

-mOde, provision for plotting simple equations and connecting points under student

--tbritrol will be made, as well as allowing the student to change the scale of his

coordinate system.

This mode Is considered to be important in developing a student's skills
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with the problem solving tools of algebraic manipulation and graphing without

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

is, of course, translation from a written problem description to the equations

necessary to solve the problem. This process is only partially understood in

humans and is highly heuristic ( Paige, 1966). For this reason there is not much the

system can do for the student except to lead him through step by step in a

very rigid 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

derive the correct equations. At this point, it is not clear how much can be

done in this area and only actual experimentation will resolve this question.
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Grammar for Algebra Word Problems

TABLE 12

PROB= PI PIXIP2 P2X CI = 5161...120

PIX = P11 PI1X1F12 PI2X C2 = CI + 18115 ...130

PIIX = PIII1P112 C4 = Cl*C2

P12X = PI211P122 C5 = C2-CI

P2X = P2I P21X1P22 P22X C3 = CI +C2

P21X =1:2111P212

P22X = P2211P222

PI = 'JACK IS C5 YEARS YOUNGER THAN HIS FATHER.' Al = 1C5=CI-C1'

P2 = 'JACK'S AGE-PLUS HIS FATHER'S AGE =IS C3 YEARS.' A2 = 'C1 +C2 =C3'

P i t = 'THE SUM OF THEIR AGES I S C3:1 - All = 'CI +C2 =C3'

P12 = 'THE PRODUCT OF THEIR AGES-IS C4.1- Al2 = ICI*C2=C41

_ PI I 1 PI21 = 'HOW OLD 15 JACI' ?' A121_== AIII== ' ?CI'

=P21 = 'THE DIFFERENCE OF THEIR AGES IS C5'

P22 = P12-

P2I1 = P111 = P22I

P212 = P222 = 'HOW OLD-ARE JACK AND HIS FATHER?'

A2I = AI

A22 = Al2

A2I1 =Alli *P221

A212 = 'A222 = =1"-?C I ?C2





-VII. Formal Model of Problem Generation and Solution

Problem generation is described as originating from a semantic network

(Quillian, 1969). This process is an extension of Carbonell's work to quanti-
tative problem solving (Carbonell, 1970) and is motivated by Polya's classic

work on problems (Polya, 1945). 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. Tha plan for problem solution is generated at the same

time that the problem is generated.

In the above systems four basic elements can be discerned, memory, reasoning,
input and output. Memory contains factual information such as course material

and the student model. Reasoning usually takes the form of algorithms. It

generates problems, solves problems, and makes decisions on the basis of input.

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.

Block Diagram of Problem Generator/Solver
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The form that each of these elements can be given is investigated in

following sections.

Memory and Problem Generation

A general view of problems is taken. Let P be the class of all prob-

lems under consideration.

Any problem can be analyzed into three parts--the unknown, the data,

and the condition (Polya, 1945). P is partitioned into subclasses by taking

two problems to be equivalent if they are represented by the same triple

(data, unknown, relation); i.e., same without values and interpretation of

variables.

The class of triples can also be-grouped into evivalence classes

according to problem type. Two expressions for a relation are equivalent

if they represent the same relation. The-classification of problems can

be-carried further by classifying relations according to various properties.

The significane'e of these problem equivalence classes is that all the

problems in a class can be represented by =their common triple. Moreover,-

the system can select the unknown=from among data items.- Hence, problem

equivalence classes can be represented by the pair_ (data, relation). The

data itself can be represented by (object, attribute, value) triples. Since

the representations-will not have values the final representation is

(object(s), attribute(s), relation).

The classifications are summarized by the scheme,problem (data;

unknown, relation) 4- (data, relation)' (object(s}, attribute(s), relation)

where this analysis proceeds from a specific instance of a problem to the

most general representation_ of the problem class. For generation =these

procesthes are reversed. A brief introduction to a formal theory of problem

classification, generation and solution is presented in the Appendix.

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

=a large part of M does) and can conveniently take the form of a semantic

network.' "'A ,semantic netowtk_is a graph structure with items cotreaponding
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to the nodes and relationships to the arcs. The items can Le 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 (1970) has applied semantic nets to

deductivequestion 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

problem solving.

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

of subject dependent information, natural language analysis and generation, prob-

lem generation and solution.

Problem generation with regard to a pair (data, relation) consists of 1)

selection of an interpretation, 2) selection of an unknown, 3) generation of

values for data attributes, (Steps 1 and 3 are an interpretation using the semen-

tic network as the domain of interpretation) 4) selection of a particular rely-

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

is the reverse of the prior problem classification.

In terms of the model problem generation is performed by the operator R.

R-generates a problem as a function of memory M (the pairs-(data, relation) and

the student's level).

In-addition, if a semantic memory is used to represent the subject informa-

tion, the system is also able to generate factual questions, even for a subject

which is oriented-to problem solving.

C. Problem Solution

In the model, R also corresponds to the problem solution mechanism.

A pair (data, relation) is called an abstract problem and corresponds to a

concept(s)-in theConcept tree. For solution, abstract problems or groups of

-abstract problems can have associated solution-methods.



A problem solving system is d.,scribed by a pair tP,S) on,oe 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 = PI U P2 U...0 Pn.

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

A problem solving system needs some 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 the plan nood 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 problem into basic subproblems which

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

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

the complex problem.
=

Thus, the class of problems generated by abstract problems {Pi} is extended

while keeping the tame Si's. Various constructions are applied to the basis

{Pi}, yielding complex problems not in any of the classes Pio Hopefully, the

new problems will be solvable using the Si's combined according to the type of
.1

construction used. Hence, if (Pi U P2 0...0 Pn,{Si}) andiroPI U P1 U...0 Pn

then CP, {Si })_, where Pi are the representations within the computer and is the

larger class of problems solvable by Si.

= = -

Another way of extending a class is by transformation, i.e. suppose P is

solvable by S and TP/4P is a Transformation of F' to P. Under certain conditions

P/ is also solvable .oy S. These extension techniques are generation mechanisms

and also possible strategies for a planning mechanism.
=

In a generative system the plan for problem solution can be a product of

problem generation The system constructs the problem out of basic building

blocks; i.e., abstract problems, each of which has an associated solution method.

A corresponding construction applied to the solution methods comprises the plan

for solving the constructed problem.
=

Indeed, the implementation of the plan as a set of procedures for solving

the problem is a special case of automatic program synthesis (Manna,-1970). The soli
=

tion method is synthesized out the Sits. The solution procedure's control

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

-used to compose the problem out of the subproblems Pi.
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A flow diagram which summarizes the problem generation and solution pro-

cess is shown in Figure 9.

{Si}

Solution

Problem Type

(Data,relation)

(Data,unknown,relation)

Interpreted and
evaluated triple'

Simple English expression
of the triple

;Semantic!

ji net
!Grammar

Figure g

Flow Diagram of Generation/Solution Process
D.Itput and Output

Semantic networks can also express semantic relationships of objects. In

some applications, English has been mapped into a semantic net and related

information retrieved (Carbonell, 1970, Schwarcz, 1970). Semantic nets have

likewise been used for English generation.

Thus; a semantic net can be used to convert an interpreted abstract problem

to simple English statements -- perhaps one for data, one for the unknown, one

for the relation.

-For quantitative responses from the student, the system does net need

-sophisticated input conversion to tuples. Non-quantitative answers, however,

would need conversion -to -the intermediate form in order to make use of the

semantic net. Such conversion is also necessary for the system to function as

,A=s-problem solver and question answerer which accepts English problems as input

1Who-Irthan-generating them.

E. Learning-

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

the student, acquisition of new information, or revision of old information

contained in memory.
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Learning can be rote learning or generalized learning (Samuel, 1.967). Fur-

ther, learning implies the acquisition of new knowledge. The new knowledge can

be received by the system from the designer (its need having been 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 completeness. 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 who updates the semantic

memory or increases the solving power of the system. Levels 0 and 1 are rote

learning. Level 2 learning consists of solving a new type of problem by discovery

(or selection) of similarities or analogies with known problem classes. Level 3

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

discover its structure and then formulating a solution plan using the available

solution methods. Level 2 and level 3-are generalized learning. All of these

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

solving power of a system.

Another-type of learning of concern for CAI is that of the student user.

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

of the student user.

Learning would come directly into play for a generative system if the process

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

cover its corresponding synthesis and solution.
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">" is a partial order on abstract problems. Pi is strongly equivalent to

Pj if and only if Pi > Pj and Pj > Pi. Also, 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 venera-

tion. It is possible to introduce solution methods into the discussion by

attaching a predicate to an abstract problem. And, then, questions of signifi-

cance of constructions on abstract problems for solution methods can be studied

(Perry, 1973).


