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An approach to cognitive assessment of problem-solving in complex computer-based tutorial 
environments is described. The approach is based on studies of expert tutoring and students' 
performance in natural tutoring situations in specific domains such as engineering and 
statistics. A model of expert tutors' knowledge in a domain of applied statistics was developed 
and used as a basis for a web-based computer coach that emulates human tutoring. Cognitive 
assessments are obtained from records of students' actions as they learn to apply particular 
components of the procedural knozvledge required to solve problems in the domain with the 
help of the computer tutor. Learning is evaluated by studying changes in these records of 
performance as students practice successive problem exercises. These assessments can then be 
used subsequently to predict students' unassisted performance in solving post-instruction 
transfer problems. 

Cet article décrit une approche à l'évaluation cognitive de résolution de problèmes dans un 
contexte complexe de tutorat assisté par ordinateurs. L'approche est fondée sur des études de 
tutorat par des experts et le rendement d'apprenants dans des situations naturelles de tutorat 
pour des domaines précis tels le génie et les statistiques. On a développé un modèle des 
connaissances d'experts-tuteurs en statistiques appliquées qui a servi comme base pour un 
tuteur informatique qui imite, sur le Web, les tuteurs humains. On obtient des évaluations 
cogititives à partir du record des démarches entreprises par les apprenants qui assimilent des 
éléments des connaissances procédurales requises dans la résolution de problèmes à l'aide du 
tuteur informatique. L'apprentissage est évalué en étudiant les changements dans la perfor­
mance des apprenants alors qu'ils tentent la résolution de problèmes successifs. Ces évalua­
tions peuvent ensuite servir dans la prédiction du rendement post-instructif des apprenants 
qui résoudront des problèmes de transfert sans aide. 

There is a g r o w i n g interest a m o n g educators i n p r o b l e m - b a s e d , co l labora t ive , 
a n d a p p r e n t i c e s h i p approaches to i n s t r u c t i o n . T h i s has been a c c o m p a n i e d b y 
a n increased interest o n the part of cogni t ive psycholog is t s i n h o w to m o d e l 
s u c h c o m p l e x i n s t r u c t i o n a l s i tuat ions a n d the l e a r n i n g processes that occur i n 
t h e m . Interest i n coached , co l labora t ive , a n d p r o b l e m - o r i e n t e d m o d e s of i n ­
s t r u c t i o n has l e d to a c o g n i t i v e a p p r e n t i c e s h i p m o d e l ( C o l l i n s , B r o w n , & N e w -
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m a n , 1989). T h i s m o d e l has p r o v i d e d a rat ionale for r e c o n c e p t u a l i z i n g h o w 
s tudents l e a r n a n d h o w c o m p u t e r s m a y be u s e d to s u p p o r t these m o d e s of 
l e a r n i n g . C o m p u t e r - b a s e d l e a r n i n g e n v i r o n m e n t s c u r r e n t l y are b e i n g d e s i g n e d 
to s u p p l e m e n t a n d enhance n a t u r a l p r o b l e m - b a s e d l e a r n i n g s i tuat ions b y 
p r o v i d i n g tools a n d c o a c h i n g s u p p o r t for learners that are d e s i g n e d e x p l i c i t l y 
to s u p p o r t these k i n d s of l e a r n i n g ( D e r r y & Lajoie , 1993). The chal lenge is to 
d e s i g n tools that c a n s u p p o r t s tudents ' i n d i v i d u a l a n d co l laborat ive d e v e l o p ­
m e n t of c o m p l e x , r e a l - w o r l d k n o w l e d g e a n d s k i l l i n authent ic d o m a i n s of 
k n o w l e d g e a n d contexts of p r o b l e m - s o l v i n g . 

A s c o g n i t i v e m o d e l s of l e a r n i n g h a v e e x p a n d e d i n their capac i ty to address 
c o m p l e x , r e a l - w o r l d c o g n i t i o n , there has b e e n a g r o w i n g r e c o g n i t i o n of the 
n e e d for assessments of s tudents ' c o g n i t i v e processes, l e a r n i n g , k n o w l e d g e , 
a n d s k i l l d e v e l o p m e n t that are m o r e a p p r o p r i a t e to these n a t u r a l s i tuat ions of 
c o a c h e d , c o l l a b o r a t i v e , a n d p r o b l e m - b a s e d l e a r n i n g t h a n are s t a n d a r d assess­
ments of a b i l i t y or ach ievement ( S n o w & L o h m a n , 1993). T h i s r e c o g n i t i o n has 
been a p p a r e n t i n cal ls for a l ternat ive approaches to assessment ( r e v i e w e d b y 
B i r e n b a u m , 1995). A m o n g the characterist ics that h a v e been a d v o c a t e d for 
a l ternat ive assessment are: (a) assessment s h o u l d be integrated w i t h ins t ruc ­
t i o n ; (b) i t s h o u l d be transparent , that is , it s h o u l d h e l p s tudents l earn to 
m o n i t o r , se l f -evaluate , a n d reflect o n their o w n per formance ; (c) assessment 
tasks s h o u l d be authent ic , e x t e n d e d over t ime , m e a n i n g f u l , a n d c h a l l e n g i n g ; 
(d) s tudents s h o u l d h a v e access to tools , resources, a n d c o a c h i n g s u p p o r t 
d u r i n g assessment of their p e r f o r m a n c e a n d l e a r n i n g ; (e) assessment s h o u l d be 
d i a g n o s t i c , p r o v i d i n g i n f o r m a t i o n about s tudents ' k n o w l e d g e , cogni t ive 
processes, m i s c o n c e p t i o n s , a n d errors d u r i n g p e r f o r m a n c e of p r o b l e m - s o l v i n g 
tasks; (f) s t u d e n t s ' k n o w l e d g e a n d their a b i l i t y to a p p l y (transfer) their k n o w ­
ledge to n e w or n o v e l p r o b l e m s s h o u l d be assessed; a n d (g) ab i l i ty to c o l ­
laborate e f fec t ive ly w i t h others i n s o l v i n g p r o b l e m s s h o u l d be assessed. These 
characterist ics of a l ternat ive assessment address l i m i t a t i o n s of t r a d i t i o n a l test­
i n g a p p r o a c h e s a n d p r o m o t e m o r e authent ic assessments of k n o w l e d g e , l e a r n ­
i n g , c o g n i t i v e p r o c e s s i n g , a n d p r o b l e m - s o l v i n g s k i l l i n c o m p l e x n a t u r a l 
d o m a i n s a n d contexts of task-or iented ac t ion (e.g., i n h i g h e r educat ion) . H o w ­
ever , exper ience w i t h a l ternat ive assessment has ra i sed concerns about issues 
of ob jec t iv i ty , r e l i a b i l i t y , a n d v a l i d i t y of s u c h assessments, p a r t i c u l a r l y w h e n 
the s i t u a t i o n is " h i g h s takes" for the s tudents b e i n g assessed. F i n d i n g objective 
w a y s to achieve m o r e authent ic c o g n i t i v e assessments represents one of the 
great chal lenges for the f i e l d of m e a s u r e m e n t a n d e v a l u a t i o n . 

T h e n e e d for c o g n i t i v e l y v a l i d assessments has been r e c o g n i z e d b y re­
searchers i n the m e a s u r e m e n t c o m m u n i t y w h o are a t t e m p t i n g to d e v e l o p 
m e a s u r e m e n t m o d e l s a n d tests that can better assess cogni t ive processes a n d 
k n o w l e d g e structures (Freder iksen , M i s l e v y , & Bejar, 1993). T h i s p r o b l e m c a n 
be seen f r o m b o t h a c o g n i t i v e perspect ive a n d a m e a s u r e m e n t perspect ive . 
F r o m the c o g n i t i v e perspect ive the p r o b l e m is h o w c a n w e use observat ions of 
s t u d e n t s ' p e r f o r m a n c e i n p r o b l e m - b a s e d i n s t r u c t i o n a l e n v i r o n m e n t s (such as 
t u t o r i n g a n d c o a c h e d ins truct ion) to p r o v i d e diagnost ic i n f o r m a t i o n about 
their c o g n i t i v e processes as they acquire k n o w l e d g e a n d effective p r o b l e m -
s o l v i n g s k i l l s t h r o u g h coached pract ice i n s o l v i n g p r o b l e m s i n a d o m a i n ? F r o m 
the m e a s u r e m e n t perspect ive the p r o b l e m is h o w c a n m e a s u r e m e n t m o d e l s 
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a n d techniques be u s e d to p r o v i d e cogni t ive assessments of s k i l l a n d k n o w ­
ledge a c q u i s i t i o n that go b e y o n d the per formance of speci f ic tasks a n d p e r m i t 
genera l iza t ions a n d p r e d i c t i o n of per formance o n other tasks i n a d o m a i n . 

W o r k has a l r e a d y b e g u n o n the first p r o b l e m (Freder iksen , G l a s e r , L e s g o l d , 
& Shafto , 1990; S n o w & L o h m a n , 1993), a n d s o m e of this w o r k has g i v e n h i g h 
p r i o r i t y to the authent i c i ty of the tasks a n d l e a r n i n g e n v i r o n m e n t s i n w h i c h 
d i a g n o s t i c assessment is car r i ed out ( L e s g o l d , La joie , L o g a n , & E g g a n , 1990). 
W o r k o n the s e c o n d p r o b l e m has t y p i c a l l y r e q u i r e d the c o n s t r u c t i o n of tasks or 
i tems that are representat ive samples of tasks i n a d o m a i n , a n d the a p p l i c a t i o n 
of m e a s u r e m e n t m o d e l s s u c h as i t em response theory (IRT) to construct statis­
t ical m o d e l s that are capable of es t imat ing a n examinee 's l eve l o n a latent 
a b i l i t y scale (or c lass i f i ca t ion i n t o a n o m i n a l or o r d i n a l category) that per ta ins 
to the d o m a i n of tasks b e i n g s a m p l e d . A t t e m p t s are b e i n g m a d e to construct 
i tems a n d I R T m o d e l s that c a n p e r m i t s o m e degree of c o g n i t i v e assessment 
( M i s l e v y , 1993). F o r e x a m p l e , E m b r e t s o n (1993) has constructed I R T m o d e l s for 
s p a t i a l r o t a t i o n tasks that d e c o m p o s e these tasks i n t o s u b s k i l l c o m p o n e n t s . 

T h i s art ic le is c o n c e r n e d w i t h b o t h p r o b l e m s . O u r research i n i t i a l l y focused 
o n the first p r o b l e m : d iagnos t i c assessment of s tudents ' p e r f o r m a n c e as they 
l earn to s o l v e c o m p l e x p r o b l e m s w i t h the h e l p of a tutor . C u r r e n t l y it is 
a d d r e s s i n g the second p r o b l e m b y a p p l y i n g a d y n a m i c assessment a p p r o a c h 
that m a k e s use of p e r f o r m a n c e data that are gathered as i n d i v i d u a l s pract ice 
s o l v i n g p r o b l e m s w i t h the s u p p o r t of a coach or tutor . M e a s u r e m e n t s can be 
d e r i v e d f r o m s u c h p e r f o r m a n c e data , a n d these m a y be u s e d to predic t unas ­
s isted p e r f o r m a n c e o n n e w transfer p r o b l e m s presented f o l l o w i n g i n s t r u c t i o n . 
H o w e v e r , because p s y c h o m e t r i c genera l izat ions t y p i c a l l y d e p e n d o n samples 
of tasks (i.e., p r o b l e m s ) , the ques t ion can be p o s e d : T o w h a t extent can w e 
p r e d i c t p e r f o r m a n c e o n a c r i ter ion p r o b l e m f r o m d y n a m i c assessment data 
gathered d u r i n g i n s t r u c t i o n ( C a m p i o n e & B r o w n , 1990)? If d y n a m i c assess­
ments of g r o w t h i n p r o f i c i e n c y across a set of pract ice p r o b l e m s c a n p r e d i c t 
c r i t e r i o n p e r f o r m a n c e o n n e w p r o b l e m s , then w e m a y be able to c l a i m s o m e 
degree of g e n e r a l i z a b i l i t y w i t h o u t the need to test i n d i v i d u a l s o n large samples 
of p r o b l e m s . If a n i n d i v i d u a l possesses a stable a n d integrated d o m a i n k n o w ­
ledge s t ructure a n d s k i l l i n a p p l y i n g it to p e r f o r m tasks ef fect ively i n a d o m a i n , 
this m i g h t const i tute a latent t ra i t - l ike characterist ic of the i n d i v i d u a l that c o u l d 
be assessed a n d that w o u l d re l iab ly predic t per formance o n tasks i n the d o ­
m a i n . T h i s seems to be the i m p l i c i t m o d e l for assessment i n m a n y d o m a i n s of 
p r o f e s s i o n a l e d u c a t i o n . 

A s a f irst step to a d y n a m i c a n d cogni t ive assessment of per formance , w e 
h a v e b e e n s t u d y i n g s tudents ' p r o b l e m - s o l v i n g a n d l e a r n i n g processes i n 
n a t u r a l t u t o r i n g s i tuat ions i n a d o m a i n of a p p l i e d statistics. The topic is a n a l y ­
sis of v a r i a n c e ( A N O V A ) . W e have f o u n d that it is poss ib le to construct c o m ­
p u t e r - b a s e d c o a c h e d - l e a r n i n g e n v i r o n m e n t s that emulate m a n y aspects of the 
interact ive s u p p o r t coaches p r o v i d e to s tudents i n these n a t u r a l t u t o r i n g s i t u a ­
t ions . W e h a v e i m p l e m e n t e d s u c h a c o m p u t e r e n v i r o n m e n t i n the d o m a i n of 
a p p l i e d statistics (as a n A N O V A Tutor ) a n d are c u r r e n t l y c o n d u c t i n g s tudies to 
assess s t u d e n t s ' l e a r n i n g a n d p r o b l e m - s o l v i n g w h i l e u s i n g the tutor . The 
A N O V A T u t o r incorporates a m o d e l of the expert p r o b l e m - s o l v i n g k n o w l e d g e 
that w a s u s e d b y a n exper ienced tutor to coach s tudents i n h o w to so lve 
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p r o b l e m s i n the d o m a i n of analys is of var iance . W h e n u s e d i n con junc t ion w i t h 
pract ice d a t a sets a n d a p p r o p r i a t e statist ical analys is sof tware , the A N O V A 
T u t o r p r o v i d e s a w e l l - d e f i n e d , interact ive , p r o b l e m - b a s e d l e a r n i n g e n v i r o n ­
m e n t i n w h i c h s tudents ' l e a r n i n g a n d p r o b l e m - s o l v i n g m a y be assessed u n d e r 
real ist ic c o n d i t i o n s of coached pract ice a n d i n s t r u c t i o n . 

Development of a Computer Tutor in Statistics 
In a p r e v i o u s s t u d y of s tudents ' l e a r n i n g i n a face-to-face t u t o r i n g s i t u a t i o n i n 
e n g i n e e r i n g , analyses w e r e m a d e of changes i n i n d i v i d u a l s tudents ' a n d the 
ins t ruc tor ' s p e r f o r m a n c e d u r i n g coached pract ice i n s o l v i n g a sequence of 
p r o b l e m s that increased i n c o m p l e x i t y (Freder iksen , R o y , & Bédard , 1999). The 
changes i n the tutor ' s exp lanat ions a n d s c a f f o l d i n g of s tudents ' p r o b l e m - s o l v ­
i n g that w e r e o b s e r v e d as a s tudent g a i n e d k n o w l e d g e a n d s k i l l p r o v i d e d a n 
a l m o s t classic e x a m p l e of c o g n i t i v e a p p r e n t i c e s h i p . O n the first p r o b l e m the 
tutor d e m o n s t r a t e d h o w to so lve a n e x a m p l e of a n e n g i n e e r i n g p r o b l e m ( in the 
d o m a i n of m e c h a n i c a l engineer ing) a n d e x p l a i n e d her s o l u t i o n procedures to 
each s t u d e n t as she s o l v e d the p r o b l e m . A n a l y s i s of the tutor ' s d iscourse a n d 
p r o b l e m - s o l v i n g act ions e n a b l e d us to d e v e l o p a h ie rarch ica l m o d e l of the 
s t ructure of the p r o b l e m - s o l v i n g p r o c e d u r e s that the tutor m o d e l e d for the 
s tudents . It a lso e n a b l e d us to m o d e l h o w the tutor e x p l a i n e d the c o m p o n e n t 
p r o c e d u r e s t h r o u g h her d i a l o g u e w i t h the s tudents . O n subsequent p r o b l e m s , 
the tu tor s w i t c h e d to a c o a c h i n g role i n w h i c h she asked each of the students to 
t r y to so lve a n e w pract ice p r o b l e m b y themselves . A s a s tudent a t tempted to 
s o l v e the p r o b l e m , she p r o v i d e d g u i d a n c e a n d h e l p w h e n she felt it w a s 
n e e d e d . A n a l y s i s of the s tudents ' p r o b l e m - s o l v i n g protocols a n d discourse 
in terac t ion w i t h the tutor i n these c o a c h i n g sessions revea led a l e a r n i n g process 
i n w h i c h the s tudents a t tempted to a p p l y the c o m p o n e n t procedures to n e w 
p r o b l e m e x a m p l e s ( w i t h g u i d a n c e f r o m the tutor) a n d obta ined h e l p f r o m the 
tu tor w h e n it w a s n e e d e d to comple te the p r o b l e m . B y the t h i r d p r o b l e m a l l the 
s tudents r e q u i r e d less h e l p f r o m the tutor . 

T h e results of this s t u d y of t u t o r i n g i n e n g i n e e r i n g i n s p i r e d the a p p r o a c h 
w e are t a k i n g to c o g n i t i v e assessment i n the present research. T h i s a p p r o a c h 
c o m b i n e s d y n a m i c assessment of l e a r n i n g (i.e., p r o v i d i n g c o a c h i n g s u p p o r t to 
s tudents w i t h c h a l l e n g i n g p r o b l e m s a n d r e c o r d i n g s tudents ' g r o w i n g ab i l i ty to 
so lve p r o b l e m s w i t h o u t assistance) w i t h diagnostic assessment of students' prob­
lem-solving processes (based o n a n expert m o d e l of conceptua l k n o w l e d g e a n d 
p r o b l e m - s o l v i n g p r o c e d u r e s i n a d o m a i n ) . O u r a p p r o a c h is to d e v e l o p a c o m ­
p u t e r coach that emulates aspects of h u m a n t u t o r i n g a n d assessment tech­
n i q u e s for this c o a c h i n g e n v i r o n m e n t that are p a r a l l e l to those u s e d to evaluate 
s t u d e n t s ' l e a r n i n g i n the h u m a n t u t o r i n g s i t u a t i o n . The e n g i n e e r i n g t u t o r i n g 
s t u d y d e m o n s t r a t e d h o w a n expert m o d e l of c o m p l e x p r o c e d u r a l d o m a i n 
k n o w l e d g e c a n be constructed u s i n g k n o w l e d g e - m o d e l i n g a n d d i scourse -ana l ­
ys is tools f r o m c o g n i t i v e science to a n a l y z e the d iscourse a n d p r o b l e m - s o l v i n g 
act ions of the tutor as she d e m o n s t r a t e d a n d e x p l a i n e d the p r o b l e m - s o l v i n g 
p r o c e d u r e . T h e next step w a s to a p p l y these m e t h o d s to a n a l y z e t u t o r i n g i n the 
n e w d o m a i n ( A N O V A as taught to d o c t o r a l s tudents i n e d u c a t i o n a l a n d c o u n ­
s e l i n g p s y c h o l o g y ) a n d d e v e l o p a c o m p u t e r coach based o n a n analys is of 
exper t t u t o r i n g i n the d o m a i n . 
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T o const ruc t the c o m p u t e r coach w e u s e d a p r o g r a m w e d e v e l o p e d ca l led 
T u t o r B u i l d e r to construct a database of tutoring knowledge f r o m o u r analys is of 
the tutor ' s d e m o n s t r a t i o n s a n d explanat ions of h o w to so lve data-analys is 
p r o b l e m s i n statistics. T h i s database consists of a h i e r a r c h i c a l data s tructure 
c o n t a i n i n g a large n u m b e r of H T M L files that c o n t a i n i n f o r m a t i o n about c o m ­
p o n e n t p r o c e d u r e s ( s i m i l a r to that p r o v i d e d b y the h u m a n tutor) . W h i l e s t u ­
dents r u n a statistics p r o g r a m (e.g., S Y S T A T ) to a n a l y z e a practice data set o n 
their c o m p u t e r s , they c a n r u n the A N O V A T u t o r p r o g r a m c o n c u r r e n t l y o n a 
remote server u s i n g a w e b b r o w s e r . The s tudents can use the b r o w s e r to v i e w 
a n d interact w i t h a h ie rarch ica l g u i d e to the o r g a n i z a t i o n of p r o b l e m - s o l v i n g 
act ions. T h e y c a n a lso v i e w m u l t i m e d i a messages e x p l a i n i n g p a r t i c u l a r steps i n 
s o l v i n g data a n a l y s i s p r o b l e m s . In this w a y s tudents can use the tutor to obta in 
i n s t r u c t i o n a n d c o a c h i n g s u p p o r t as they practice s o l v i n g data analys is 
p r o b l e m s o n their c o m p u t e r . T h e c o m p u t e r tutor a n d statistics sof tware togeth­
er p r o v i d e a w e l l - d e f i n e d , coached , p r o b l e m - b a s e d l e a r n i n g e n v i r o n m e n t i n 
statistics. 

Description of the Statistics Tutoring Situations 
W e h a v e been s t u d y i n g several types of t u t o r i n g s i tuat ions i n statistics. These 
i n c l u d e : (a) face-to-face t u t o r i n g of i n d i v i d u a l s tudents ( in w h i c h the tutor a n d 
s tudent s h a r e d the use of statist ical sof tware a n d the tutor u s e d the sof tware 
a n d p r e p a r e d d a t a f i les to demonstra te a n d e x p l a i n h o w to use A N O V A to 
so lve data a n a l y s i s p r o b l e m s ) ; a n d (b) n e t w o r k e d one-on-one t u t o r i n g (in 
w h i c h the tutor i n t r o d u c e d a s tudent to A N O V A i n the same m a n n e r as i n the 
face-to-face c o n d i t i o n , but c o m m u n i c a t i n g b y means of v i d e o c o n f e r e n c i n g 
sof tware) . In b o t h of these s i tuat ions d o c t o r a l s tudents ' i n e d u c a t i o n a l a n d 
c o u n s e l i n g p s y c h o l o g y shared the use of statist ical so f tware ( S Y S T A T ) as they 
l e a r n e d to use A N O V A to so lve a series of p r o b l e m s cons i s t ing of data sets to 
be a n a l y z e d . A stack of " b l a c k b o a r d " representations (e.g., g raphics , equat ions , 
tabular , a n d other d i s p l a y s ) w e r e p r o v i d e d as resources for the s tudents as they 
w e r e t u t o r e d b y a n exper ienced facul ty m e m b e r i n A N O V A theory a n d m e t h ­
o d s , a n d i n h o w to use S Y S T A T as a too l for data analys is . 

B y s t u d y i n g t u t o r i n g i n s i tuat ions i n w h i c h c o m m u n i c a t i o n w i t h the tutor 
w a s e i ther face-to-face or b y means of v i d e o c o n f e r e n c i n g , w e w e r e a t t e m p t i n g 
to b r i d g e the g a p b e t w e e n authent ic cogni t ive a p p r e n t i c e s h i p s i tuat ions (e.g., 
face-to-face tu tor ing) a n d c o m p u t e r e n v i r o n m e n t s that s imula te the c o n d i t i o n s 
of n a t u r a l expert t u t o r i n g . O u r results i n d i c a t e d that n e t w o r k e d t u t o r i n g is 
s i m i l a r to face-to-face t u t o r i n g a n d that the same m o d e l s of expert k n o w l e d g e 
a n d t u t o r i n g s k i l l a p p l y across a l l these s i tuat ions . T h e next step is to see if a 
c o m p u t e r c o a c h c a n be i n t r o d u c e d to emulate c o a c h i n g a n d e x p l a n a t i o n f u n c ­
t ions of a h u m a n tutor a n d to a n a l y z e s tudents ' l e a r n i n g ( i n d i v i d u a l a n d 
co l laborat ive) i n these e n v i r o n m e n t s . C o m p u t e r coaches d e s i g n e d i n this w a y 
c a n offer m a n y of the benefits of h u m a n t u t o r i n g . T h e y c a n be used o v e r a 
n e t w o r k . M o r e o v e r , they c o u l d be w e l l su i ted for use i n u n i v e r s i t y courses as a 
c o m p l e m e n t to the act ivi t ies of instructors . In the present context w e are 
interested i n the p o t e n t i a l use of these e n v i r o n m e n t s for cogni t ive assessment 
p u r p o s e s . 
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Modeling Expert Knowledge: The Development of an ANOVA Procedure Frame 
A s i n the p r e v i o u s s t u d y of t u t o r i n g i n e n g i n e e r i n g , a n expert m o d e l of proce ­
d u r a l k n o w l e d g e i n the d o m a i n of analys is of var iance w a s d e v e l o p e d . T h i s 
m o d e l w a s d e v e l o p e d i n i t i a l l y f r o m a p r o c e d u r e f rame a n d semant ic analys is 
( F r e d e r i k s e n , 1986) of t u t o r i a l d i a l o g u e b e t w e e n a n exper ienced tutor a n d a 
n o v i c e s t u d e n t i n a context of tutor d e m o n s t r a t i o n a n d e x p l a n a t i o n of analys is 
of var iance . T h i s d i scourse o c c u r r e d over three t u t o r i n g sessions i n w h i c h the 
tutor m o d e l e d p r o b l e m - s o l v i n g p r o c e d u r e s a n d p r o v i d e d a c o n c e p t u a l ex­
p l a n a t i o n of one- a n d t w o - w a y analys is of var iance for a s ingle n o v i c e s tudent . 
S u b s e q u e n t l y , data f r o m the t u t o r i n g of other s tudents w e r e u s e d to i m p r o v e 
the m o d e l . T h e d i s c o u r s e a n d p r o t o c o l ana lys i s l e d to a re la t ive ly c o m p l e t e a n d 
d e t a i l e d " e x p e r t m o d e l " of analys is of var iance p r o c e d u r e s . 1 T h i s m o d e l is 
d i s p l a y e d i n F i g u r e 1. 

T h e p r o c e d u r e f rame represents a c o m p l e x p r o c e d u r e b y d e c o m p o s i n g it 
i n t o a h i e r a r c h y of act ions a n d goals . A t the t o p leve l , s o l v i n g a data analys is 
p r o b l e m i n v o l v e s six c o m p o n e n t procedures (or tasks): (a) d e f i n i n g the re­
search p r o b l e m , (b) s p e c i f y i n g the data , (c) c a r r y i n g out a d e s c r i p t i v e analys is 
of the data , (d) p e r f o r m i n g a n A N O V A w i t h the data , (e) c o n d u c t i n g a n y 
post -hoc ana lys i s , a n d (f) d r a w i n g c o n c l u s i o n s based o n the results o b t a i n e d 
f r o m p r e v i o u s steps. E a c h of these m a i n p r o c e d u r e s is c o m p o s e d of s u b -
p r o c e d u r e s . F o r e x a m p l e , p r o c e d u r e (d), p e r f o r m i n g the A N O V A , is c o m p o s e d 
of e ight m a i n s u b p r o c e d u r e s to be p e r f o r m e d : (a) s p e c i f y i n g the research 
d e s i g n , (b) s p e c i f y i n g a l inear m o d e l for scores o n the d e p e n d e n t var iab le , (c) 
o b t a i n i n g least squares estimates of the g r a n d m e a n a n d a l l effects i n the l inear 
m o d e l , (d) p a r t i t i o n i n g the total s u m of squares a c c o r d i n g to the A N O V A 
m o d e l , (e) p r e p a r i n g a n A N O V A table for o r g a n i z i n g results , (f) c o m p u t i n g 
A N O V A statistics, a n d (g) c o n d u c t i n g F tests. A n a d d i t i o n a l p r o c e d u r e of 
c o n d u c t i n g p r e p l a n n e d tests of contrasts is o p t i o n a l . 2 

T h e tutor ' s coverage of the analys is of var iance p r o c e d u r e w a s i m p r e s s i v e 
for its consis tency, completeness , a n d expl ic i tness . The o n l y major topics not 
c o v e r e d b y the tutor w e r e (a) the p r o c e d u r e s for test ing a s s u m p t i o n s i n 
A N O V A (procedure n o d e 124 i n F i g u r e l a ) , a n d (b) p r o c e d u r e s for p r e p l a n n e d 
tests of contrasts (procedure n o d e 148 i n F i g u r e l b ) . C o n c e p t s a n d theory w e r e 
i n c l u d e d i n the f o r m of e m b e d d e d explanat ions of c o n c e p t u a l k n o w l e d g e a n d 
r e a s o n i n g u n d e r l y i n g p r o c e d u r e s u s e d i n the analys is . T h e tutor ' s d iscourse 
p r o v i d e d d e t a i l e d explanat ions of the re levant statist ical t h e o r y a n d concepts , 
re lated this c o n c e p t u a l k n o w l e d g e to a p p r o p r i a t e steps i n the p r o c e d u r e , a n d 
m o d e l e d stat ist ical r e a s o n i n g associated w i t h a p p l y i n g this k n o w l e d g e . T h e 
tutor ' s d e s c r i p t i o n s of p r o c e d u r e s i n c l u d e d the same k i n d s of i n f o r m a t i o n 
about p r o c e d u r e s as w e r e f o u n d for the e n g i n e e r i n g tutor . These i n c l u d e d : 
Goals (to be at ta ined for a current p r o c e d u r e ) ; Actions (to be p e r f o r m e d ) ; Results 
(obta ined f r o m enac t ing the procedure ) ; Explanations (several types) ; a n d Tools 
(sof tware or other tools u s e d to carry o u t a p r o c e d u r e a n d d e s c r i p t i o n s of h o w 
to use them) . E x p l a n a t i o n s i n c l u d e d : Representations ( f o r m u l a s , equat ions , 
tables, graphs) ; Concepts (statistical concepts s u c h as m e a n square , F rat io, n u l l 
h y p o t h e s i s ) ; Theory (statistical theory u n d e r l y i n g a p r o c e d u r e ) ; Procedure (the 
rat ionale for a step i n the procedure ) ; Results ( e x p l a i n i n g the m e a n i n g of 
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results) ; a n d Pragmatic Explanations (practical i n f o r m a t i o n about contexts i n 
w h i c h a p r o c e d u r e is a p p l i e d ) . 

W h a t w a s p a r t i c u l a r l y s t r i k i n g about the statistics t u t o r i n g s i t u a t i o n as a n 
e x a m p l e of c o g n i t i v e a p p r e n t i c e s h i p w a s that this w e a l t h of i n f o r m a t i o n about 
h o w to so lve data a n a l y s i s p r o b l e m s w a s e m b e d d e d i n contexts i n w h i c h it w a s 
b e i n g u s e d to u n d e r s t a n d p r o b l e m s a n d a p p l y a p p r o p r i a t e m e t h o d s to so lve 
t h e m . O u r research d e m o n s t r a t e d that it w a s poss ib le to a p p l y cogni t ive 
m o d e l i n g a n d d i s c o u r s e analys is techniques successful ly i n this large a n d 
c o m p l e x d o m a i n a n d that these techniques c o u l d be u s e d to construct a 
d e t a i l e d m o d e l of p r o b l e m - s o l v i n g k n o w l e d g e i n the A N O V A d o m a i n . T h i s 
m o d e l c o u l d be u s e d to d e v e l o p a database of t u t o r i n g k n o w l e d g e for a c o m ­
p u t e r tutor . 

Assessment of Students' Learning 
T o assess s t u d e n t s ' l e a r n i n g f r o m their experiences in the statistics t u t o r i n g 
sessions, the s tudents p a r t i c i p a t e d i n a t h i r d p r o b l e m - s o l v i n g session f o l l o w i n g 
the second t u t o r i n g sess ion. T h i s session w a s d e s i g n e d to resemble a n i n ­
d i v i d u a l c o a c h i n g sess ion, b u t the coach (a graduate s tudent research assistant) 
p r o v i d e d o n l y m i n i m a l assistance to the students . T h e students w o r k e d i n the 
same e n v i r o n m e n t , b u t were g i v e n a n e w data set to a n a l y z e . T h e coach g u i d e d 
each s tudent i n d i v i d u a l l y t h r o u g h the analys is b y means of a series of ques­
t ions that c o r r e s p o n d e d to h i g h e r - l e v e l nodes i n the p r o c e d u r e frame. If the 
s tudent w a s u n a b l e to a n s w e r a ques t ion , a c lar i f i ca t ion of the ques t ion w a s 
p r o v i d e d , b u t n o other f o r m of assistance (e.g., h ints , ins t ruct ions , or a n actual 
d e m o n s t r a t i o n of that step i n the analysis) w a s p r o v i d e d . 

T h e m a p p i n g of assessment quest ions onto the p r o c e d u r e frame is g i v e n b y 
the n u m b e r e d boxes e n c l o s i n g nodes i n F i g u r e 1. Q u e s t i o n s are n u m b e r e d 
c o n s e c u t i v e l y w i t h i n topics : T o p i c 1 covered the research p r o b l e m a n d data . 
T o p i c 2 c o v e r e d the d e s c r i p t i v e analys is . T o p i c 3 i n c l u d e d quest ions about the 
A N O V A itself. T o p i c 4 c o m p r i s e d quest ions related to the c o n c l u s i o n s . T h e 
sequence of quest ions m a p p e d onto the frame gives a trace analysis of h o w the 
" c o a c h " g u i d e d the s tudent t h r o u g h the procedures . A n assessment of one 
s tudent is i n d i c a t e d i n the f rame. Boldface n o d e labels are u s e d to m a r k proce­
d u r e s that w e r e success fu l ly executed b y the s tudent ; u n d e r l i n e d boldface 
n o d e s i d e n t i f y steps i n the p r o c e d u r e for w h i c h the s tudent m a d e errors or 
d i s p l a y e d m i s c o n c e p t i o n s . A l l other nodes that w e r e the subject of quest ions 
(i.e., those e n c l o s e d i n boxes) are c o m p o n e n t s of the p r o c e d u r e that the s tudent 
w a s u n a b l e to execute. T h i s figure i l lustrates h o w a trace analys is ( in a n assess­
m e n t or c o a c h i n g s i tuat ion) can i d e n t i f y procedures that have been learned, the 
l o c a t i o n of m i s c o n c e p t i o n s a n d errors , a n d procedures that the a s tudent c a n ­
not execute w i t h o u t c o a c h i n g s u p p o r t . S u c h a n assessment keeps track of the 
extent a n d k i n d s of c o a c h i n g s u p p o r t that a s tudent m a y need for par t i cu lar 
n o d e s (i.e., procedures ) that h a v e not yet been mastered. 

T h e expert p r o c e d u r e f rame p r o v i d e s a n e t w o r k m o d e l of the p r o c e d u r a l 
k n o w l e d g e that is c o m m u n i c a t e d to the s tudent a n d that is n e e d e d to u n d e r ­
s t a n d a n d so lve p r o b l e m s i n the d o m a i n , a n d the trace analys is reveals h o w the 
t u t o r i n g sess ion w a s o r g a n i z e d to g u i d e the s tudents ' p r o b l e m - s o l v i n g . 3 If a 
c o m p u t e r coach c o u l d be d e v e l o p e d to p r o v i d e g u i d a n c e a n d c o a c h i n g s u p p o r t 
for s t u d e n t s ' p r o b l e m - s o l v i n g that are s i m i l a r to that of a h u m a n coach, it o u g h t 
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to be p o s s i b l e to a d o p t a s i m i l a r a p p r o a c h to diagnost ic assessment i n the 
c o m p u t e r e n v i r o n m e n t . I n c o a c h i n g , the trace analys is is p r i m a r i l y a r e c o r d of 
the sequence i n w h i c h the s tudent a p p l i e d specif ic procedures to solve the 
p r o b l e m . T h u s it p r o v i d e s a n assessment of the student 's abi l i ty to a p p l y the 
p r o c e d u r e s s y s t e m a t i c a l l y to so lve a p a r t i c u l a r p r o b l e m . O u r A N O V A tutor is 
d e s i g n e d to e m u l a t e the tutor ' s g u i d a n c e (by means of a m a p of the h ie rarch ica l 
p r o c e d u r e frame) a n d the tutor ' s exp lanat ions of c o m p o n e n t tasks (by means of 
b u t t o n s p r o v i d i n g access to di f ferent k i n d s of i n f o r m a t i o n about the proce ­
d u r e ) . 

Tutor Builder: Constructing a Database of Tutoring Knowledge 
T h e T u t o r B u i l d e r so f tware is c u r r e n t l y b e i n g u s e d to d e v e l o p a database of 
t u t o r i n g k n o w l e d g e that is s t ruc tured a c c o r d i n g to the expert procedure f rame 
that w a s cons t ruc ted i n o u r s t u d y of t u t o r i n g i n statistics. The database is 
o r g a n i z e d i n terms of the p r o c e d u r e h i e r a r c h y , a n d associated w i t h each n o d e 
(i.e., c o m p o n e n t p r o c e d u r e ) there are semantic fields that contain text a n d 
g r a p h i c i n f o r m a t i o n about the p r o c e d u r e . (This i n f o r m a t i o n is based o n s e m a n ­
tic i n f o r m a t i o n that w a s expressed b y the tutor t h r o u g h his contr ibut ions to the 
t u t o r i a l d i a l o g u e . ) Semant ic fields p r o v i d e t w o k i n d s of assistance to the s t u ­
dent : I n s t r u c t i o n a n d C o a c h i n g Ass i s tance . Instruction p r o v i d e s several k i n d s 
of semant i c d e s c r i p t i o n of c o m p o n e n t procedures : G o a l Descr ipt ions , P r o b l e m 
State D e s c r i p t i o n s , A c t i o n D e s c r i p t i o n s , T o o l Instruct ions, Theory E x p l a n a ­
t ions , C o n d i t i o n s (necessary for c a r r y i n g o u t the step i n the procedure) , a n d 
R e s u l t D e s c r i p t i o n s . Coaching Assistance is p r o v i d e d i n the f o r m of Ques t ions , 
C l a r i f i c a t i o n s , a n d H i n t s . A s a n e x a m p l e , c o n s i d e r the Tutor W i n d o w 
presented i n F i g u r e 2. T h e p a n e l at the l o w e r left of the W i n d o w p r o v i d e s the 
s t u d e n t w i t h a " P r o c e d u r e M a p " of the h i e r a r c h i c a l structure of the p r o c e d u r e 
( l ike a site m a p o n the internet) . The s tudent c a n select any node (i.e., c o m ­
p o n e n t p r o c e d u r e ) f r o m the m a p , a n d then " r e q u e s t " coaching assistance or 
i n s t r u c t i o n p e r t a i n i n g to the selected p r o c e d u r e b y select ing a type of assis­
tance ( f r o m the p a n e l i m m e d i a t e l y above the P r o c e d u r e M a p ) . F o r e x a m p l e , 
types of i n s t r u c t i o n i n c l u d e a statement of the G o a l of c a r r y i n g out a n A N O V A , 
a d e s c r i p t i o n of the k i n d s of Results obta ined f r o m d o i n g an A N O V A , o r a 
g e n e r a l i n t r o d u c t i o n to the re levant T h e o r y . Coaching is p r o v i d e d at several 
d i f fe rent levels a n d the s tudent c a n select the l e v e l of assistance he or she 
desires : Q u e s t i o n s , C l a r i f i c a t i o n s , o r H i n t s (there are u p to three levels of h in ts 
ava i lab le ) . O n c e a type of i n s t r u c t i o n or c o a c h i n g assistance has been selected, 
the tutor d i s p l a y s the re levant text o r g r a p h i c i n f o r m a t i o n i n the right p a n e l of 
the w i n d o w . T h e but tons i n this p a n e l p r o v i d e access to other types of ins t ruc ­
t i o n or levels of c o a c h i n g . It is poss ib le to p r o v i d e graphics , s o u n d (and e v e n 
m o v i e c l ips) to a c c o m p a n y these w i n d o w s . G l o s s a r y i tems are h i g h l i g h t e d i n 
the p r e s e n t e d text, a n d a n a l p h a b e t i z e d l i s t i n g of a l l glossary items is a l w a y s 
a v a i l a b l e b y m e a n s of a p o p - u p select ion w i n d o w . 

A n e n h a n c e d v e r s i o n of the tutor ( w h i c h is u n d e r development) w i l l i n ­
c l u d e fac i l i t ies for s tudents to (a) s u b m i t their w o r k a n d (b) p e r f o r m a g u i d e d 
s e l f - e v a l u a t i o n b y c o m p a r i n g their w o r k w i t h the " tutor ' s results ." A f t e r s t u ­
dents h a v e c o m p l e t e d a step (at a n y l e v e l i n the h ierarchy) , they w i l l be able to 
s u b m i t the i r w o r k ( in the f o r m of a text f i le) , a n d ask to v i e w the tutor's results 
at this step. T h i s opens a R e s u l t W i n d o w c o n t a i n i n g t w o kinds of problem-
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Figure 2. The ANOVA Tutor environment: Screen shot of the computer desktop with the 
ANOVA Tutor running (in a browser window) and with Data Editor and Analysis Windows 
displayed by concurrently running the statistics application SYSTAT. 

specific i n f o r m a t i o n : f irst , a correct result c o r r e s p o n d i n g to that step i n the 
p r o c e d u r e for the p r o b l e m , a n d second, a checkl is t of i tems r e q u i r e d i n a 
success ful result a n d a l ist of c o m m o n errors . S tudents w i l l be able to c o m p a r e 
their s o l u t i o n s at that step w i t h the correct result a n d check those features that 
are present i n their s o l u t i o n s . A s tudent w i l l be g u i d e d to re levant i n s t r u c t i o n 
based o n this s e l f - e v a l u a t i o n . T h i s feature is d e s i g n e d to d e v e l o p s k i l l i n self-
m o n i t o r i n g a n d e v a l u a t i o n of p r o b l e m - s o l v i n g steps. 

A s s h o w n i n F i g u r e 2, the c o m p u t e r coach is r u n c o n c u r r e n t l y w i t h the 
statist ical a n a l y s i s so f tware . T h e s tudent is presented w i t h a p r e p a r e d data set 
a n d a d e s c r i p t i o n of the data , h o w the data were o b t a i n e d , a n d the p u r p o s e s of 
the s t u d y . T h e p r o b l e m - s o l v i n g task i n v o l v e s p l a n n i n g a n d e x e c u t i n g a c o m ­
plete a n a l y s i s u s i n g the statist ical sof tware , a n d s u b m i t t i n g a report c o n t a i n i n g 
results o b t a i n e d at each step (the report is o r g a n i z e d as the sequence of s tudent 
responses to t u t o r - s u p p l i e d quest ions) . T h e s tudent w i l l be able to cut a n d 
paste i n f o r m a t i o n f r o m a n y t u t o r i n g w i n d o w , or f r o m the statistical e n v i r o n ­
m e n t (e.g., results f r o m the o u t p u t w i n d o w ) in to the template , a n d enter 
i n f o r m a t i o n u s i n g text e d i t i n g funct ions . T h i s e n v i r o n m e n t c lose ly para l le l s 
n a t u r a l p r o b l e m - b a s e d c lass room a n d t u t o r i n g s i tuat ions . The students w o r k 
o n p r o b l e m exercises w h i l e u s i n g the tutor . T h e goa l is to l e a m to p r o d u c e 
correct analyses i n d e p e n d e n t l y a n d p r o d u c e accurate a n d comple te reports b y 
p r a c t i c i n g these exercises ( w i t h the h e l p of the tutor) . 
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Cognitive Assessment in the Coached Learning Environment 
T h i s c o m p u t e r c o a c h p r o v i d e s a n interes t ing e n v i r o n m e n t for cogni t ive assess­
m e n t that is authent ic i n the sense that i t has been d e s i g n e d to reflect charac­
teristics of exper t t u t o r i n g a n d p r o b l e m - s o l v i n g i n the d o m a i n . T h e 
authent i c i ty of the e n v i r o n m e n t can be v e r i f i e d b y c o m p a r i n g it w i t h v a r i o u s 
c o n d i t i o n s of face-to-face a n d n e t w o r k e d t u t o r i n g . If s tudents ' l e a r n i n g proces­
ses are f o u n d to be s i m i l a r across these s i tuat ions , the c o m p u t e r tutor c o u l d be 
c o n s i d e r e d to h a v e a h i g h degree of authent ic i ty . A r e v i e w of the characterist ics 
of ten r e c o m m e n d e d b y advocates of a l ternat ive approaches to assessment 
reveals that m a n y of these are met , a n d so there is a reasonable l i k e l i h o o d that 
o u r c o a c h e d l e a r n i n g e n v i r o n m e n t is at least a candidate for a c h i e v i n g a c o n ­
t r o l l e d e n v i r o n m e n t for c o g n i t i v e assessment. In the r e m a i n d e r of this article 
w e b r i e f l y e x a m i n e the types of " r e s p o n s e s " that are obta ined f r o m the s t u ­
dents i n this e n v i r o n m e n t , h o w they c a n p r o v i d e i n f o r m a t i o n re lated to the 
goals of c o g n i t i v e assessment, a n d f i n a l l y the types of statist ical m e a s u r e m e n t 
m o d e l s that a p p e a r to be n e e d e d . A t h o r o u g h analys is a n d d e v e l o p m e n t of 
a p p r o p r i a t e m e a s u r e m e n t m o d e l s is a large task that remains to be d o n e . 

B r i e f l y , o u r assessment goals are: (a) d y n a m i c assessment of s tudents ' p r o f i ­
c iency i n p r o b l e m - s o l v i n g a n d the extent a n d q u a l i t y of their d o m a i n k n o w ­
ledge ; (b) d i a g n o s t i c assessment of s tudents ' p r o b l e m - s o l v i n g : i d e n t i f y correct 
a p p l i c a t i o n of c o m p o n e n t p r o c e d u r e s , l o c a t i o n a n d k i n d s of errors , types a n d 
levels of c o a c h i n g r e q u i r e d , a n d pat tern of a p p l i c a t i o n of p r o c e d u r e s ; (c) assess­
m e n t of s tudent l e a r n i n g : i d e n t i f y changes o v e r pract ice p r o b l e m s ; (d) p r e d i c ­
t i o n of unass i s ted p e r f o r m a n c e o n " t r a n s f e r " p r o b l e m s ; a n d (e) extens ion of 
assessment to co l labora t ive l e a r n i n g . O u r task is to spec i fy h o w measures or 
i n d i c a t o r s re levant to these goals can be o b t a i n e d f r o m the responses of s t u ­
dents w h i l e w o r k i n g o n pract ice p r o b l e m s i n the coached l e a r n i n g e n v i r o n ­
ment . T h e responses students can m a k e for each " i t e m " (i.e., c o m p o n e n t 
p r o c e d u r e ) are i d e n t i f i e d i n F i g u r e 3. 

A t a n y l o c a t i o n (i.e., n o d e c o r r e s p o n d i n g to a c o m p o n e n t procedure) i n the 
p r o c e d u r e h i e r a r c h y , severa l k i n d s of s tudent response can occur . Successful 
c o m p l e t i o n of the subtask c o r r e s p o n d i n g to a superord ina te n o d e requires 
success ful e x e c u t i o n of a l l s u b o r d i n a t e tasks p l u s c o m p l e t i o n of a s u p e r o r ­
d i n a t e in tegrat ive task. F o r e x a m p l e , w r i t i n g the m o d e l e q u a t i o n i n v o l v e s 
w r i t i n g express ions for a l l the c o m p o n e n t s of the e q u a t i o n p l u s a r r a n g i n g t h e m 
in to a s ing le e q u a t i o n . F o r a n y n o d e three types of i n f o r m a t i o n are r e c o r d e d : (a) 
the s tudent ' s self e v a l u a t i o n of h i s or her s o l u t i o n at that step i n the p r o c e d u r e , 
(b) the l e v e l of c o a c h i n g assistance u s e d b y the s tudent to p r o d u c e a correct 
s o l u t i o n at this step, a n d (c) the type of i n s t r u c t i o n a l assistance the s tudent 
o b t a i n e d f r o m the tutor . (Note that the e v a l u a t i o n of a s tudent 's i n d e p e n d e n t 
w o r k c o u l d be d o n e b y the ins t ructor u s i n g the tutor to " s c o r e " the s tudent ' s 
w o r k . ) R e s p o n s e categories for the f irst t w o of these w o u l d be c o n s i d e r e d to be 
o r d e r e d : e v a l u a t i o n s range f r o m i t e m correct to i t em fa i l ed (errors o n l y ) or not 
a t t e m p t e d , a n d levels of assistance range f r o m n o assistance, to quest ions 
d e s i g n e d to e l ic i t a p p r o p r i a t e k n o w l e d g e , to h in ts that p r o v i d e p a r t i a l k n o w ­
ledge , to f u l l ins t ruc t ions (each of these c o u l d h a v e c o r r e s p o n d i n g levels of 
deta i l ) . Response categories c o r r e s p o n d i n g to types of assistance are not ex­
pec ted to be o r d e r e d ; rather, they reflect s tudents ' preferences for di f ferent 
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types of i n f o r m a t i o n about p r o c e d u r e s . T h e ques t ion w e n e e d to address is 
h o w can w e use these responses to o b t a i n i n f o r m a t i o n relevant to o u r assess­
m e n t goals . 

Domain Knowledge and Problem-solving Proficiency 
K n o w l e d g e a n d p r o f i c i e n c y are associated w i t h ma jor c o m p o n e n t s (h igh- leve l 
c o m p o n e n t s ) of the p r o b l e m - s o l v i n g proce dure s . T h e h i g h - l e v e l c o m p o n e n t s 
for stat ist ical d e s i g n a n d data analys is p r o b l e m s i n c l u d e topics s u c h as (a) 
s p e c i f y i n g the research d e s i g n , (b) s p e c i f y i n g the s a m p l i n g p l a n , (c) s p e c i f y i n g 
a n d tes t ing d i s t r i b u t i o n a s s u m p t i o n s for the data , (d) p r e p a r i n g the data for 
a n a l y s i s , (e) c a r r y i n g out d e s c r i p t i v e ana lys i s of the data , a n d (f) c a r r y i n g out 
the a n a l y s i s of var iance . In each of these h i g h - l e v e l c o m p o n e n t s , s u b c o m ­
p o n e n t p r o c e d u r e s are spec i f i ed . F o r e x a m p l e , the s u b c o m p o n e n t s of (f) the 
ana lys i s of v a r i a n c e are: (a) s p e c i f y i n g the a p p r o p r i a t e A N O V A d e s i g n , (b) 
w r i t i n g the l i n e a r score m o d e l , (c) o b t a i n i n g estimates of parameters i n the 
m o d e l , (d) p a r t i t i o n i n g the s u m of squares , (e) c o m p u t i n g A N O V A statistics, (f) 
c o n d u c t i n g s igni f i cance tests, (g) c o n s t r u c t i n g the A N O V A table, a n d (h) c a r r y ­
i n g out tests of p r e p l a n n e d contrasts . Because each of these decomposes h ie rar ­
c h i c a l l y i n t o c o m p o n e n t s , p r o f i c i e n c y is associated w i t h successful execut ion of 
the c o m p o n e n t s a n d in tegra t ion of c o m p o n e n t s at each l eve l in to a s o l u t i o n of 
the m o r e genera l p r o b l e m . 

T w o k i n d s of m e a s u r e m e n t m o d e l s m i g h t be c o n s i d e r e d : h i e r a r c h i c a l 
m o d e l s that e x p l i c i t l y incorporate the h i e r a r c h y i n t o the m e a s u r e m e n t m o d e l 
( E m b r e t s o n , 1993; G i t o m e r & R o c k , 1993) a n d latent trait m o d e l s that scale items 
( c o r r e s p o n d i n g to the p r o c e d u r e c o m p o n e n t s ) o n a s ingle d i m e n s i o n or profi­
ciency scale. A c o m p l i c a t i n g factor is that m e a s u r e m e n t based o n these i tems 
m a y be b a s e d o n o r d e r e d categories of response (levels of correctness o r assis­
tance), s u g g e s t i n g s o m e k i n d of par t ia l - c redi t m o d e l (Masters , 1982; M a s t e r s & 
M i s l e v y , 1993) o r ass ignment to p u r e l y categorical latent classes (e.g., based o n 
categories c o r r e s p o n d i n g to types of assistance, Y a m a m o t o & G i t o m e r , 1993). 
Test theory m o d e l s of this k i n d m a y be a p p l i c a b l e to response measures o b ­
t a i n e d i n the coached l e a r n i n g e n v i r o n m e n t s , a n d w o u l d just i fy assessments at 
the l e v e l of the " l a r g e " p r o c e d u r e c o m p o n e n t s that are i n v o l v e d i n data a n a l y ­
sis u s i n g A N O V A m o d e l s a n d m e t h o d s . T h e f u n c t i o n of s u c h assessments 
w o u l d be to cer t i fy that a s tudent h a d reached a p a r t i c u l a r l eve l of p r o f i c i e n c y 
a n d k n o w l e d g e w i t h respect to a g i v e n c o m p o n e n t p r o c e d u r e . 

Diagnostic Assessment of Component Knowledge and Problem-solving Procedures 
D i a g n o s t i c assessment m a k e s a less s t r ingent d e m a n d o n statistical m e a s u r e ­
m e n t m o d e l s if the p r i m a r y g o a l is to p r o v i d e the student or ins t ruc tor w i t h 
d i a g n o s t i c i n f o r m a t i o n about w h e r e the s tudent is h a v i n g d i f f i c u l t y a n d w h a t 
k i n d s of k n o w l e d g e are l a c k i n g . S u c h i n f o r m a t i o n is p r o v i d e d b y the trace of 
s tudent responses u s i n g the tutor a n d eva luat ions of the s tudents ' w o r k . 
R e l i a b i l i t y of s u c h d iagnos t i c assessments is less of a concern , b u t cons is tency 
of errors i n c o m p o n e n t tasks o r n e e d for assistance w o u l d indica te rea l 
m i s u n d e r s t a n d i n g s o r lack of k n o w l e d g e . Propert ies of i n d i v i d u a l i tems ( c o m ­
ponents) r e s u l t i n g f r o m i t e m analyses p e r f o r m e d to construct p r o f i c i e n c y 
measures w o u l d p r o v i d e ev idence of h o w s igni f i cant di f f icul t ies at the l e v e l of 
speci f ic i tems are as contr ibutors to p r o f i c i e n c y o n major task c o m p o n e n t s . I n 
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a d d i t i o n to d i a g n o s i n g w h e r e d i f f i cu l t i es occur , d iagnost i c assessment w o u l d 
i n c l u d e trace a n a l y s i s of p a r t i c u l a r patterns a n d sequences i n a s tudent ' s a p ­
p l i c a t i o n of p r o c e d u r e s . It m a y be poss ib le to es tabl ish exper t - l ike patterns a n d 
n o v i c e patterns to use as a basis for i n t e r p r e t i n g s tudents ' sequence of p r o b l e m -
s o l v i n g o p e r a t i o n s ( L e s g o l d et a l . , 1990). F i n a l l y , the q u a l i t y of s tudent concep­
t u a l u n d e r s t a n d i n g a n d explanat ions m i g h t be assessed at v a r i o u s steps i n 
p r o b l e m - s o l v i n g to evaluate s tudents ' k n o w l e d g e . T h i s c o u l d be d o n e t h r o u g h 
reports , ques t ions , o r other tasks d e s i g n e d e x p l i c i t l y to obta in s u c h i n f o r m a t i o n 
f r o m the s tudents . 

Assessment of Change with Practice 
T h e assessment of change c a n o c c u r b o t h at the l eve l of d o m a i n k n o w l e d g e a n d 
p r o f i c i e n c y a n d at the l e v e l of i n d i v i d u a l c o m p o n e n t procedures a n d the se­
quence i n w h i c h they are a p p l i e d (diagnost ic level) . The p r i n c i p a l q u e s t i o n is to 
w h a t extent is a s tudent ' s p e r f o r m a n c e g r a d u a l l y a p p r o x i m a t i n g that of a n 
expert? A n s w e r i n g this q u e s t i o n w i l l i n v o l v e interes t ing analyses of changes i n 
the traces of s t u d e n t s ' responses w h i l e u s i n g the tutors . In a d d i t i o n to the 
pat tern of p e r f o r m a n c e f i n a l l y a t ta ined, changes i n s tudents ' p e r f o r m a n c e over 
p r o b l e m exercises p r o v i d e s i n f o r m a t i o n about h o w a n i n d i v i d u a l progresses 
a n d a n y l e a r n i n g d i f f i cu l t i e s that m a y h a v e o c c u r r e d . S u c h data m a y be v a l u ­
able i n h e l p i n g s tudents d e v e l o p effective l e a r n i n g strategies for c o m p l e x d o ­
m a i n s s u c h as statistics. 

Prediction of Performance on Criterion Problem-Solving Tasks 
A s t r a i g h t f o r w a r d a p p r o a c h to p r e d i c t i o n of p e r f o r m a n c e w o u l d be to assess 
p r o f i c i e n c y w i t h m a i n c o m p o n e n t procedures w h i l e u s i n g the tutor w h e n 
s o l v i n g pract ice p r o b l e m s . O f p a r t i c u l a r interest w o u l d be the l eve l of p r o f i ­
c iency a t ta ined for each p r o c e d u r e a n d the d i f f i c u l t y l e v e l of the practice 
p r o b l e m s a t t e m p t e d . The same assessment cr i ter ia c o u l d be a p p l i e d to a post-
pract ice near- transfer assessment p r o b l e m , a n d then the tutor p e r f o r m a n c e 
c o u l d be u s e d to p r e d i c t f i n a l p e r f o r m a n c e . If tutor p e r f o r m a n c e turns out to be 
a g o o d p r e d i c t o r of p e r f o r m a n c e o n the c r i t e r ion p r o b l e m s , then the use of a 
c o a c h e d - l e a r n i n g e n v i r o n m e n t for assessment m i g h t be r e c o m m e n d e d . In a d ­
d i t i o n , a c lose ana lys i s of s tudents for w h o m predic t ions are poorest m i g h t 
p r o v i d e in teres t ing i n f o r m a t i o n about factors responsib le for d i f f i c u l t y i n 
m a k i n g the t r a n s i t i o n f r o m assisted per formance to i n d e p e n d e n t competence 
i n a d o m a i n . T h i s issue c o r r e s p o n d s to one of the p r i n c i p a l a r g u m e n t s for a 
c o g n i t i v e a p p r e n t i c e s h i p a p p r o a c h i n w h i c h assistance p r o v i d e d b y a coach is 
g r a d u a l l y r e d u c e d to enable s tudents to d e v e l o p a u t o n o m o u s s k i l l i n a d o m a i n . 

Extension to Collaborative Learning Situations 
C o a c h e d l e a r n i n g e n v i r o n m e n t s can be u s e d effect ively b y pa i rs of s tudents or 
s m a l l g r o u p s of s tudents , w i t h the a d d e d benefits of m o t i v a t i o n a n d d e v e l o p ­
m e n t of s k i l l i n c o l l a b o r a t i v e p r o b l e m - s o l v i n g . A s a n e n v i r o n m e n t for cogni t ive 
assessment, the trace of s tudents u s i n g the e n v i r o n m e n t w o u l d reflect the 
k n o w l e d g e of each a n d their jo int p r o b l e m - s o l v i n g b e h a v i o r . W h e n u s e d this 
w a y , it w o u l d seem essent ial that s tudents also at tempt p r o b l e m s i n d i v i d u a l l y 
(also w i t h the h e l p of the tutor) a n d that they be assessed i n d e p e n d e n t l y i n 
o r d e r to d e v e l o p i n d e p e n d e n t competence a n d k n o w l e d g e i n the d o m a i n . D a t a 
o b t a i n e d i n s u c h s tudies w o u l d bear o n m a n y of the l e a r n i n g issues u n d e r l y i n g 
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c o l l a b o r a t i v e approaches to i n s t r u c t i o n , espec ia l ly o n the re la t ionsh ip b e t w e e n 

c o l l a b o r a t i v e competence a n d i n d i v i d u a l competence a n d k n o w l e d g e i n a 

d o m a i n . 

I n s u m m a r y , c o a c h e d l e a r n i n g e n v i r o n m e n t s of the type w e descr ibe i n this 

art ic le a p p e a r to offer p o t e n t i a l as e n v i r o n m e n t s for assessment. A s assessment 

e n v i r o n m e n t s they c a n p r o v i d e objective a n d c o g n i t i v e l y v a l i d indica tors of 

p e r f o r m a n c e . M e a s u r e m e n t m o d e l s c a n be d e v e l o p e d for s tudents ' responses 

i n these e n v i r o n m e n t s to enable assessment of gains i n k n o w l e d g e a n d p r o f i ­

c iency , a n d these can be v a l i d a t e d as pred ic tors of per formance o n c r i t e r i o n 

p r o b l e m - s o l v i n g tasks. M o r e o v e r , the p e r f o r m a n c e measures themselves c a n 

be u s e d to p r o v i d e ins tructors (and students) w i t h d iagnost i c i n f o r m a t i o n 

a b o u t s t u d e n t s ' u n d e r s t a n d i n g a n d p r o b l e m - s o l v i n g , i n c l u d i n g their errors 

a n d m i s c o n c e p t i o n s . I n a d d i t i o n , c o a c h e d - l e a r n i n g e n v i r o n m e n t s c a n p r o v i d e 

a h i g h degree of authent i c i ty as n a t u r a l e n v i r o n m e n t s for co l laborat ive a n d 

p r o b l e m - b a s e d l e a r n i n g . A s s u c h they s h o u l d p r o v i d e v a l u a b l e contexts for 

c o a c h e d pract ice i n p r o b l e m - s o l v i n g that can extend a n d s u p p l e m e n t class­

r o o m i n s t r u c t i o n . If fu ture research c a n s h o w that this a p p r o a c h to assessment 

c a n be i m p l e m e n t e d i n con junc t ion w i t h a p p r o p r i a t e cogni t ive a n d measure ­

m e n t m o d e l s to create re l iable assessments w i t h h i g h p r e d i c t i v e v a l i d i t y , then 

it m a y offer one s o l u t i o n to the p r o b l e m of assessment that is objective, a u t h e n ­

tic , a n d c o g n i t i v e l y v a l i d . 

Notes 
1. The analysis of the tutorial discourse was carried out using a computer-aided analysis tool 

(NLUDIST) to build the frame. The complete analysis of tutorial dialogue that led to the 
development of the procedure frame is stored in a NU-DIST database. This database 
documents how each text unit (and associated actions) in the tutorial dialogue was matched 
to procedures in the expert model. 

2. Note that Figures la and lb do not include all of the branching procedures: branching 
subprocedures are collapsed into lists in the figures and if they are followed by arrows, they 
branch further. 

3. In coached tutoring sessions (such as those analyzed in our engineering tutoring study), the 
tutor and student participated more equally in the dialogue with the tutor occasionally 
guiding the student to the next high-level procedure, but with the student initiating most 
procedures and related dialogue exchanges. 
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