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The SE-Coad is a tutoring module designed to help students lean effedively
from examples through guding self-explanation, a meta-cognitive-skill that
involves clarifying and explaining to oneself the worked out solution for a
problem. The SE-Coach provides this guidance through (a) an interface that
alows the student to interadively build self-explanations based on the domain-
theory (b) a student model that asesss the quality of the student's explanations
and the student's understanding of the example. The SE-Coach uses the asesanent
in the student model to €licit further self-explanation to improve example
understanding.

In the paper we describe how the SE-Coach evolved from its original design to
the arrent implementation via an extensive and thorough process of iterative
design, based on continuous evaluations with red students. We dso present the
results of the final laboratory experiment that we have performed with 56 college
students. We discuss ®me hypotheses to explain the obtained results, based on the
analysis of the data mlleded duringthe experiment.

1 Introduction

Computer-based tutors generally focus on teading domain spedfic cognitive skill s, such as
performing subtradions in algebra or finding the forces on a body in Newtonian physics.
However, a key fador that influences the quality of leaning is what cognitive processes are
triggered when the student leans. Tutoring is more dfedive when it encourages cognitive
processes that stimulate learning and dscourages courterproductive cognitive processs.

We have developed a tutoring modue, the SE-Coadh, that instead of teading diredly the
knowledge necessary to master a target domain, stimulates and guides the gplicaion d self-
explanation, a leaning processthat alows the dfedive aquisition d knowledge in many
domains where it is posgble to lean from examples. Self-explanation is the process of
generating explanations and justificaions to oreself when studying an example. There ae
many studies showing that students who self-explain lean more[1-3]. When students are
either explicitly taught [4] or even just prompted [5] to self-explain, most students will do so
and thus increase their leaning. The SE-Coadh provides tutoring for self-explanation within
Andes, atutoring system designed to teadc Newtonian physics to students at the US Naval
Academy [6]. Within Andes, the SE-Coach makes sure that students thoroughly self-explain
the avail able examples, espedally those parts that may be challenging and no\el to them.

A first prototype of the SE-Coach was described in [7]. It included: (a) a Workbench, that
interadively presents examples and povides tools to construct theory-based self-
explanations, (b) a probabilistic student model, that uses both the students workbench
adions and estimates of their prior knowledge to assss the students' understanding of an
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example, and (c) a Coadh, that uses the assesgment from the student model to identify deficits
in the students’ understanding and €elicits slf-explanations to remedy them.

In this paper we describe how the initial prototype evolved into the arrent implementation
through successve evaluations with red students. We focus in particular on the dhanges to
the Workbench and to the Coacdh. Detail s on the implementation and performance of the SE-
Coad student model can be foundin [8]. In Sedion 2 we outline the fedures of the self-
explanation process that influenced the design o the SE-Coadh. In Sedion 3 we give an
overview of the SE-Coadh's architedure. In Sedion 4and 5we describe the development of
the Workbench and the SE-Coadh respedively. In Sedion 6 we discuss a laboratory
experiment that we performed with 56 coll ege students to formally evaluate the df ediveness
of the SE-Coach. Although the subjeds that used the SE-Coach performed better than the
control group, the difference did na read statisticd significance However, the anaysis of
the log data files generated duing the experiment provides interesting insights on hav the
students perceved and wsed the systems. In the last sedion d the paper we discuss these
insights and further changes that could help improve the df edivenessof the tutor.

2 Sdf-explanation with the SE-Coach

A distinguishing charaderistic of the SE-Coadh is that it focuses on corred self-
explanations. In all the previous qudies, even incorred statements were dasdfied as sif-
explanations. When human tutors guided self-explanation[4, 5, the experimenters did na
give feaedbadk on the self-explanations content or corredness In all these eperiments,
students' problem solving improved, leading some researches to argue that it is the self-
explanation process per se, and nd the wrredness of its outcome, that dlicits leaning [2].
Although we aree that even incorred and incomplete self-explanations can improve
leaning, we dso believe that corred self-explanation can extend these benefits. Therefore,
the SE-Coad is designed to verify the validity of students explanations, and to provide
feadbad ontheir corredness

A seand charaderistic of the SE-Coadh is that it focuses on two spedfic kinds of self-
explanation: (a) justify a solution step in terms of the instructional domain theory, and
(b) relate solution steps to goals and sub-goals in the underlying solution dan. Whil e students
generally produce ahigh percentage of theory-based self-explanations, they tend nd to
generate goal-related explanations gpontaneously [3], athough these self-explanations can
help aauire highly transferable knowledge [10]. We designed the SE-Coad to target these
useful but uncommon self-explanations gedficdly, thus hopng to further improve the
benefits for leaning.

Ancther kind o quite frequent self-explanations involves knowledge outside the
instructional domain. Unfortunately, the SE-Coach canna monitor and guide the generation
of these explanations. The system would require anatural language based interface and a
much more cmplex knowledge base and student model to process and evaluate them.
However, even if the SE-Coach canna explicitly guide self-explanations based on
badkground knavledge, hopefully it does not prevent the students from generating them
sportaneoudly.

3 TheSE-Coach architedure

The SE-Coach has a moduar architedure, as iown in Figure 1. The left side shows the
authoring environment. Prior to run time,
an author creaes both the graphicd
description o the eample, and the
correspondng coded example definition.
A problem solver uses this definition and

¢ the set of rules representing Andes
r4

Authoring Environment Student Environment

Graphicd author
interface example Workbench

> Description iﬂz
e

Rules /| Pysics | (Sotuion physics knowledge to automaticaly

[ Sonver Graph SE-Coach generate amodel of the example solution

cdled the solution gaph. The solution
graph is a dependency network that

Figure 1: SE-Coach’sarchitedure encodes how physics rules generate
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solutionto derive the example' sdesired quantities[11].

The right side of the figure shows the run-time student environment. Students use the
Workbench to study examples and to generate self-explanations. The Workbench sends the
students’ explanations to the SE-Coadh, which tries to match them with rules in the solution
graph and povides immediate feedbadk on their corrednesq7]. The student’s workbench
adions are dso sent to the student model, which uses them to assess the quality of the
student’s explanations and example understanding [8]. The SE-Coadh refers to the student
model to make dedsions abou what further self-explanationsto €licit from the student.

4 TheWorkbench for self-explanation

When the student seleds an example to study, the Workbench presents it with al the text
and graphics covered with gray boxes, ead correspondng to a single “unit” of information.
When the student moves the mouse pointer over a box, it disappeas, reveding the text or
graphics under it. This allows the SE-Coadh to tradk what the student is looking at, and for
how long. Whenever the student unmasks a pieceof the example, if it contains an ideaworthy
of explanation the Workbench will append a button labeled “self-explain”. Pressng the
button gives the student a dhoice between “This fact is true because...” and “T his fact’s role
in the solution danis...”. If the student seleds the first choice, arule browser is displayed in
the right half of the window (seeFigure 1), whereas if the student seleds “The role of the fact
in the solution danis....” then the right part of the window displays a plan browser. The next
sedions describe how the interadion proceedls in the two cases.

4.1 Therule browser
The rule browser (Figure 2) contains al the system’s physics rules, organized in a tree
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The aurrent organization d the rule hierarchy is the result of successve evaluations with
pilot subeds, which helped reduce the anourt of flouncering observed in the first versions
of the browser. A interesting behavior that surfaced duing these evaluations is that most
students did na try to click on rule names randamly when they got stuck. Rather, when they
coud na find dausible candidates in the cdegory that they had expanded they would stop,
instead of browsing other parts of the hierarchy. We repeaedly changed the cdegory names
and arrangement to maximize the dhancethat students immediately enter the right part of the
hierarchy. We dso provided crossreferences for rules that could plausibly belong to different
caegories, such as the rule encoding the definition d Net Force, which rightfully belongs to
the cdegory Newton's SeaondLaw bu that students often tried to find in the cdegory Forces.

4.2 Theruletemplates

The rule browser lists only the names of the rules, and most students will need to knawv
more éou arule before they can be sure that it isthe explanation they want. To explain more
abou arule, the student can click onthe “template” buttonin the rule browser (Figure 2).

3



A dialog box comes up (see Figure 3) with a
partial definition d the rule that has blanks for
o obiocta mass the student to fill in. Clicking on a blank brings
O upamenu d possblefillers. After completing a
R template, the student can seled “submit,” which
will cause the SE-Coach to give immediate
feedback. By filling in arule template, students
can explain in a much more adive way what a
Fiaure 3: ruletemplate rule says than by smply reading and seleding the
rules from menus. Again, plot evaluations were fundamental to assess and improve the
clarity and meaningfulness of the template fill ers in the pull down menus. For example, we
discovered that students tended to ignore fill ers that were too verbaose, even when they were
the only obviously corred choices.

Anocther relevant insight that we gained from pilot evaluations was that, if students are
given too much freedom as to whether to accessa template or nat, they tend nd to doit. In
the first version d the system, orce a orred rule was sleded the student could either click
on the Template button at the bottom of the browser or click Done and qut. Most students
never accessed templates. When asked why, they said that they did nd remember what a
template was, although the experimenter had extensively explained the interface & the
beginning of the evaluation sesson. The simple change of giving only the Template choice
after rule seledion hghly increased the percentage of students that fill ed templates, although
students could still close atemplate withou filli ng it by clicking on the Cancd button at the
bottom (Figure 3).

4.3 Plan browser

If the student had seleded “ The role of the fact in the solution danis....” after pushing the
self-explain buton, then the right part of the window would display a plan browser instead of
arule browser. The plan browser displays a hierarchicd tree representing the solution dan
for a particular example. The student indicaes the explanation d the role of the uncovered
fad in the solution plan by navigating through the goa hierarchy and seleding a plan step
that most closely motivates the fad. The “submit” button causes SE-Coadh to give
immediate feedbadk.

There ae no templates associated with the plan browser, sincethey would simply explicitly
spell out information onthe plan structure dready encoded in the browser hierarchy (e.g. If
the god isto apgdy Newton's law and we have seleded a bod, then the nex subgod is to
describe the properties of this body)

Template for: USING-FORCE

IF we vwant to find

Back | Submit | Cancel |

5 SE-Coach’sadvice

Initially, self-explanationis voluntary. The SE-Coacd keeps tradk of the students' progress
through the example, including how much time they looked at a solution item and what they
chose to self-explain via the rule and dan browsers. This information is passed to the
probabili stic student model, which integrates it with estimates on the student’s current
knowledge of physics rules to assess what solution items need more self-explanation. In
particular, when a student fill s atemplate or seled a plan step corredly, the probability of the
correspondng rule is updated by taking into consideration the prior probability of the rule
and hav many attempts the student made to find the @rred seledion[8].

If a student tries to close an example, the SE-Coach consults the student model to seeif
there ae solution items that require further explanations. The student model returns lution
items that correspondto fads or goals derived from rules with a low probability of being
known, a items with reading time nat sufficient for self-explanation [8].

If the student model indicates that there ae lines that neal further explanation, the SE-
Coadh tell s the student “You may learn more by self-explaining further items. These items are
indicated by pink covers”, and colors sme of the boxes pink insteal of gray. It aso attaches
to ead item a more spedfic hint such as “Please self-explain by using the Rule browser” or
“Please read more arefully’. The mlor of the boxes and the related messages change
dynamicadly as the student performs more reading and self-explanation adions.



If the student tries to close the example when there ae still some pink covers left, the SE-
Coadh generates a warning such as “There are till some items that you could self-explain.
Are you sure youwart to ext?”, bu it lets the student quit if the student wants to.

The SE-Coadh's adviceis probably the fedure that was most affeded by the feedbadk from
pilot evaluations. In the original version d the system, the Coach would pant out lines that
required self-explanations one & atime, instead of indicating them al at once by changing
their color. When the student tried to close the example, the SE-Coach would generate afirst,
generic warning such as“There are still some items that you could self-explain. Do you warnt
to try?” The student could either (a) rejed the alvice, (b) accept it and go bad to study the
example withou any further indicaion d what to self-explain, (c) ask for more spedfic hints.

If the student chose the latter, the SE-Coach would say, for example “Why dorit you try to
use the rule browser to explain this line?”, and it would urcover the line. At this point the
student would go bad to the example, and passbly explain the line, bu the only way for the
student to get additional suggestions from the Coach would be to close the example again.

The rationale behind this design was to stimulate @& much sportaneous if-explanation as
paosshble. We thought that direding the student to a particular example line could be enough
to aso trigger explanationson aher lines. Thisdid na happen. Either students were natural
self-explainers and explained most of the example the first time through, a they strictly
followed individual SE-Coach hints but rarely initiated any additional self-explanation. For
nonsportaneous slf-explainers, the interadion with the macd would guckly bemme quite
uninspiring, since dter doing what the Coach had suggested (e.g. finding a rule name in the
rule browser), they would try to close the example and they would get ancther hint (“thereis
something el se that you could self-explain, doyou want me to show you?”), suggesting further
explanation either on the airrent line via template/plan browser or on a different line. A
student would have to repea this cycle to accessead new pieceof advice, and most students
lost interest and chose to close the example dter the first coude of hints.

The airrent design, based onthe wloring of example lines, allows the students to see &
once dl the parts that they shoud self-explain, and what workbench tod they shoud use for
the explanations. It also gives the students better feedbad onthe progresses that they making,
sinceline @lor and hints change dynamicdly as sudents generate more self-explanations.

6 Empirical evaluation of the SE-Coach

Once we had iteratively improved the system design through plot evauations, we
performed an empiricd evaluation to test its eff ediveness

6.1 Experiment design

We onduwted a laboratory experiment with 56 college students who were taking
introductory physics classes at the University of Pittsburgh, Carnegie Mellon University and
U.S.Naval Academy. The design had two condtions:

Control: 27 students gudied examples with the masking interfaceonly.

Experimental: 29 students gudied examples with the SE-Coad.

The evaluation consisted of one sesson in which students 1) took a paper and pencil
physics test, 2) studied examples on Newton's mnd law with the system, 3) took a paper
and pencil post-test with questions equivalent but not identicd to the ones in the pre-test, 4)
filled ou aquestionraire designed to assessthe students impresgons on the system.

Timing was a heavy constraint in the experiment. The sessons needed to be held when
students arealy had some theoreticd knowledge to understand the examples and generate
self-explanations, bu were not so far ahead into the aurriculum that our examples would be
too trivial for them. To satisfy this constraint, we ran subjeds in paralel in ore of the Pitt
University computer labs. Another constraint was that we had to concentrate the evaluationin
one sesgon, to avoid that the post-test performance be influenced by knowledge that students
were gaining from their physics class This, and the fad that the computer lab was avail able
in 3hou dots, odigated us to limit the length of pre-test and past-test. Thus, we @muld na
insert any items to spedficdly test knowledge gained from goal-based explanations built with
the plan browser, and we had to rely on the possbility that students would show such
knowledge in the resolution d the problem solving questions avail able in the test.

In arder to roughly equate time ontask, studentsin the control condtion studied 6 examples
and students in the experimental condtion studied 3 examples. Despite this, there is a
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statisticaly significant diff erence between the average time ontask of the experimental group
(52) andthe oontrol group (42 32”) . However, we found nosignificant correlation d time
on task with pacst-test scores.

6.2 Results

Two dfferent grading criteria were used for pre and post test. The first criterion, cdled
objedivegrading, comprised orly thase questionsin the test that required a numeric answer
Group N  Mean StdDev  Group N Mean StdDev  OF @ seledion from a set of

control 27 230 238 control 27 504 435 choices, and looked ony at
segroup 29 238 176 segroup 29 604 449 the rredness of the final
Table1l: (a) objedive-based gain scores (b) Feeure-based gain scores result.

The sewmnd criterion,
cdled feature-based grading, included aso those items in the test that required more
qualitative definitions, and took into aceourt how students got their answers. For both
grading systems, there were no significant differences between condtions on the pre-test
scores. Unfortunately, the gain scores were dso na significantly different, although the trend
was in the right diredion and the gain score difference was higher for feaure-based grading
(table 1), which was more gt to cgpture knowledge gains due to self-explanation.

A possble explanation for the nonsignificant result is that students in the experimental
condtion dd na generate sufficient self-explanations with the Workbench tods, becaise
they had problems using them and/or because they did na follow the SE-Coach advice To
test this explanation, we extraded from the experimental group log data file information on
Workbench todls usage and SE-Coadh's performance (a) how many times dudents initi ated
self-explanations with rule browser, templates and dan browser, (b) how many of these
explanations were succesdul, (c) how many attempts it took the students on average to find a
corred answer in eat o the self-explanation todls, or to dedde to quit the explanation, and
(d) how often students foll owed the SE-Coadh's advice

Rule browser usage. On average, students initiated 28.8rule browser explanations, which
represents 62% of the total rule browser explanations that can be generated in the available
examples. Of the initiated rule browser explanations, 86 succesdully ended with the
seledion d the crred rule. On average it took the students 1.27 attempts to get the @rred
answer, with a arerage maximum of 9.2 attempts. Although on average students did na
flounder much to find a crred rule, for amost al of them there was at least one rule that was
very hard to find. The rule browser accesses that fail ed to find the crred rule took an average
of 4 attempts and students gent an average of 4 minutes on failed rule browser explorations,
aminor fradion d the average total time ontask (52 minutes).

This data shows that, although the rule browser did na seem to cause many problems to
students, it could have generated some degree of distradion and frustration in the few
situations in which a student took a long time to find the @rred rule or could na find it at
all. The system may benefit from an additional form of help, that leads the student to find the
right browser category when the student is floundering too much. This was in fad the main
suggestion that students wrote in the questionraire that they fill ed after the post-test.

Template usage. On average students accessed 23.8 templates, 55.8% of the available
template explanations. This data is nat indicative of how effedively templates gimulate self-
explanations snce as we described in Sedion 4.2,template acces is mandatory when a
corred ruleis €leded in the Rule browser. More indicaive is the fad that, although it is not
mandatory to fill a template dter opening it, 976 of the accesd templates were fill ed
corredly, with an average of only 0.5 attempts and an average maximum of 2.5 attempts. On
average students gent only 59 seands trying to fill templates for which they could na find
the corred answer. This data dlows usto dscard user interfaceproblems with templates as a
cause for the non-significant results.

Plan browser usage. Students initiated orly 38% of the possble plan browser
explanations. Students did na have many problems using the plan browser. Of the initiated
explanation, 8% resulted in the seledion d the @rred plan step, with an average of 1
attempt. Students gent on average only 29 seconds on dan browser accesses that did na lead
to a mrred explanation. Despite good pan browser performance we @uld na deted any
gain in the students' planning knowledge becaise the post-test did na have aly question that



spedficdly tapped it. Furthermore, many students wrote in the questionraire that they found
the plan browser not very useful. This outcome is not surprising. As we mentioned in Sedion
2, goa-related explanations are quite unretural for students. Thisis espedally trueif students
dont have awy theoreticd knowledge on the notion d solution danning. The plan browser
was designed with the ideaof evaluating the system at the Naval Academy, with students that
had been introduced to the ideaof abstrad planning by the physics professors participating to
the Andes projed. We hope to be ale to perform this evaluation in the nea future, to verify
the df edivenessof the plan browser when used in the optimal instructional context.

SE-Coach result. As described in Sedion 5, the SE-Coach gives its suggestions by
changing the olor of the lines to self-explain and by attaching to ead line spedfic hints
indicating if the line shoud be explained with rule browser/template, with the plan browser,
or if it shoud be simply read more caefully. In the three ealuation examples, the SE-Coach
can generate amaximum of 43 rule browser hints, 34 gan browser hints and 43 hints to read
more caefully. The Coach gave an average of 22.6 rule browser hints, 22.4 pan browser
hints and 7 realing hints. Each student followed an average of 38.8% of these rule browser
hints, 426 of the plan browser hints and 34% of the hints suggesting to read more caefully.

As we eplained in Sedion 5,the SE-Coach hints are given based onthe student’s model
asesgnent of what solution items correspondto rules that have low probability (< 0.75 of
being known by the student. As dudents corredly explain the suggested solution items,
probabiliti es of the mrrespondng rules are increased in the student model. So an indicator of
the dfedivenessof the SE-Coad is the percentage of physics and danning rules that, at the
end d the evaluation sesson, have changed their probability from lessto more than 0.75.0n
average, 79.30 of the physics rules used in the three xamples and 7®6 of the plan rules
reated the 0.75threshold.

6.3 Reaultsdiscusson

The results on Workbench usage suggest that user interfaceproblems are not likely to be a
primary cause for the nonsignificant difference in gain scores, athough changes that reduce
floundering in the rule browser could help improve the dfedivenessof the system. On the
other hand, the results on the dfedivenessof the SE-Coadh's advice show that, athough the
current design works much better than the original one described in Sedion 5, letter leaning
for the experimental group could be obtained with a stronger form of coaching, that leads
students to self-explain more exhaustively. As a matter of fad, in all the experiments in
which human tutors €licited self-explanation, the tutor made sure that students i f-explained
every item in the target examples. We did nd want to make the SE-Coadh's suggestions
mandatory because they are based on a probabili stic student model whaose acaracy had na
been tested at the time of the evaluation. In particular, the student model predictions grongly
depend onestimates of student’s initial physics knowledge [8]. At the time of the evaluation
we had noway of obtaining these estimates for every student, so we asdgned to every rule a
probability of 0.5. Given the paossble inacaracy of the model, we did nad want to risk
frustrating the students by forcing them to explain example lines that they may have dready
understood. We may obtain better results from the SE-Coach with an evaluation in which we
set the initial probabiliti es of the student model by using the results of the student’s pre-test,
and we make the SE-Coach hints mandatory.

Three more hypotheses for the lack of significant gain scores shoud be cnsidered. The
first hypothesisis that students in the control group self-explained as much as gudentsin the
experimental group. This hypathesis is not easy to test since we have no simple way to
ascetain whether control students lf-explained or not. We ae airrently working on the
analysis of control grouplog datafiles, to seeif we can identify any correlation between how
students read the examples and their posttest results.

The second hypothesis is that the self-explanations generated with the Workbench dd na
stimulate & much leaning as verbal self-explanations do. Also, the fad that students must
concentrate on the self-explanations alowed by the Workbench may adualy inhibit the
generation d self-explanations based on knavledge outside the physics domain that, as we
discussed in Sedion 2, appeaed qute frequently in experiments on verbal self-explanations.
A possble way to test this sesond hypothesis is to compare the SE-Coadh interfacewith an
interfacethat all ows gudents to expresstheir self-explanations by writing.



Lastly, given that the experimental group pat-test scores were higher than the wntrol group
scores, bu the diff erence was nat large compared to the standard deviation, it may be that the
SE-Coach works fine but students did na use it long enough. If students dudied twice &
many examples, perhaps the difference in leaning between the two groups would be large
enough to be statisticdly significant.

7 Conclusions

The SE-Coad is a tutoring modue that focuses on teading the meta-cognitive skill
known as =if-explanation, instead o diredly teading cognitive skill s related to a particular
instructional domain. Many studies show that self-explanation, the process of clarifying and
making more mmplete to oreself the solution d an example, can improve problem solving
performance, and that guiding self-explanation can extend these benefits.

We believe that empiricd evauations are fundamental for the development of instructional
systems of red effediveness This is espedaly true for the SE-Coach, since it focuses on a
leaning process whose underlying medhanisms are till unclea and undr investigation. In
this paper, we described hav the system evolved through pil ot evaluations from the original
design proposed in [7] to its current version. In particular, we illustrated how these
evauations daped two fundamental elements of the system (@) the SE-Coadch interface
known as the Workbench, that provides edfic tods for constructing self-explanations, and
(b) the SE-Coadh's advice, which uses the assessment of a probabili stic student model to
elicit self-explanations that can improve the students’ understanding of the example.

We dso ill ustrated the results of a formal evauation that we performed with 56 coll ege
students to test the dfedivenessof the system. Althouwgh the leaning trend was in the right
diredion, the results did na read statisticd significance However, the analysis of the log
data files colleded duing the evaluation allowed us to understand hav students used the
system, and to generate hypotheses to explain the ladk of statisticdly significant results.

We plan to start testing with forma evaluations those hypotheses that involve minor
changes to the system (adding additional help to use the Workbench tods, making the SE-
Coadh's advice mandatory) and minor changes to the experiment design (adding more
spedfic test questions to tap all the knowledge addressed by the SE-Coadh, increasing the
time on task by making students gudy more examples). The insights provided by these new
evauations could be used in the future to develop and study alternative self-explanation user
interfaces and coadches in order to seewhich ores encourage the most leaning.
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