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           E
ngaging students in inquiry practices 

is known to motivate them to persist 

in science, technology, engineering, 

and mathematics (STEM) fi elds and to create 

lifelong learners ( 1,  2). In inquiry, students 

initiate investigations, gather data, critique 

evidence, and make sophisticated drawings 

or write coherent essays to explain complex 

phenomena. Yet, most instruction relies on 

lectures that transmit information and multi-

ple-choice tests that determine which details 

students recall. Massive Open Online Courses 

(MOOCs) mostly offer more of the same. But 

new cyber-learning tools may change all this, 

by taking advantage of new algorithms to 

automatically score student essays and draw-

ings and offer personalized guidance.

Empowering Learners, Aiding Instructors

Inquiring students make predictions, gather 

new ideas (from investigations, visualiza-

tions, or observations); use evidence to dis-

tinguish among their predictions and ideas; 

and create a coherent explanation ( 1,  3,  4). 

When they write explanations, students learn 

more than when they select among multiple-

choice answers or read explanations ( 5). 

Experimenting with visualizations and mak-

ing drawings to illustrate ideas can develop 

students’ spatial-reasoning skills ( 6). And, 

when students analyze resources to develop 

an explanation, they appreciate the beauty 

and complexity of new fi elds ( 7).

Analyzing students’ essays or draw-

ings and using the results to guide them 

can improve outcomes ( 8), but this requires 

more human capital than precollege and col-

lege instructors have. Precollege instructors 

often have fi ve or six classes of 30 to 40 stu-

dents, and college instructors may have hun-

dreds or thousands of students in required 

courses or MOOCs.

However, advances in computer tech-

nologies may help offset limits in instructor 

time and effort. Immediate, personalized, 

computer-generated guidance can motivate 

students to deepen their understanding of 

complex materials. Instructors can review 

the automated scores to identify students 

who continue to flounder. Because these 

systems can assign guidance to every stu-

dent, even students who are reluctant to ask 

for help can progress.

To make sure that inquiry activities lead to 

new insights and not to erroneous or superfi -

cial conjectures, experienced teachers moni-

tor student progress and regularly add hints to 

keep students on the right track ( 3,  4,  9) (see 

the fi rst fi gure) . To fi gure out what hints will 

help students explore a complex problem, 

researchers and teachers (often collabora-

tively in professional development programs) 

analyze large numbers of student essays or 

drawings and try out alternative approaches 

( 3). Online learning environments like the 

Web-based Inquiry Science Environment 

(WISE) streamline this process by record-

ing student ideas and supporting experiments 

for which researchers can randomly assign 

diverse forms of guidance. 

These experiments show that guidance 

encouraging students to distinguish among 

their predictions and new evidence helps 

students to better integrate their ideas about 

the topic ( 9). Once the links between student 

responses and effective guidance are estab-

lished, environments like WISE can score 

student essays or drawings and automatically 

assign guidance designed to help students 

develop coherent explanations.

Guiding Writers, Drawers, and Teachers

Advances in natural language processing now 

enable computer-based learning environ-

ments to use scored answers to create systems 

for scoring future responses. For instance, the 

Educational Testing Service’s (ETS) “c-rater” 

tool used human-rated responses to develop 
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Students were asked to use stamps to represent the chemical reaction between two methane 
molecules (CH

4
,      ) and oxygen (O

2
,       ) to yield carbon dioxide (CO

2
,        ) and water (H

2
O,       ). 

The drawing interface allowed students to create multiple “frames” in their drawing, with the first 
frame representing the reactants and the second frame representing the products.

Good start. You have correctly created 2 frames that represent the reactants and products 
of the methane combustion reaction.

Can atoms in the reaction be spontaneously CREATED OR DESTROYED?

Reread the direction and revisit steps 3.6–3.8. Then improve your drawings.

Reactants

Products

Reactants

Products

Revision

“

Computerized hints to improve understanding. Student response to the chemical reactions item that WISE 
can automatically score. Automated guidance was as effective as guidance provided by an expert teacher. 
[Adapted fi gure, based on WISE]

Automated guidance was as effective as guidance provided 

by an expert teacher.
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an automated scoring system for an activity 

aimed at fi guring out how burning coal to 

produce electricity affects the environment 

( 10) (see the second fi gure). The c-rater sys-

tem successfully scored new responses [inter-

rater agreement reflected by κ coefficient 

= 0.87 ( 10)]. WISE can use these scores to 

assign personalized guidance while students 

are learning. Similarly, Writing-Pal ( 11) ana-

lyzes writing quality and recommends strate-

gies for strengthening the essay (e.g., “think 

about the quality of your evidence”) rather 

than identifying distinct errors. Students 

using Writing-Pal substantially improved 

their essays by elaborating content, improv-

ing paragraph structure, and using more pre-

cise vocabulary ( 11).

AutoTutor prompts students to explain 

their reasoning about how to solve a phys-

ics problem through a written dialogue with 

a computer avatar. The computer analyzes 

students’ explanations for misconceptions 

and asks questions designed to elicit better 

explanations. This guidance was more effec-

tive than studying a well-written text on con-

ceptual physics for improving physics prob-

lem-solving ( 12). Although automated scor-

ing algorithms for written responses must be 

tailored to individual questions, this process 

can be as simple as providing the system with 

about 500 to 1000 existing human-scored 

responses and desired guidance messages.

Computers can analyze human-scored 

drawings to create systems that can then 

score subsequent drawings and provide feed-

back automatically ( 13) (see the fi rst fi gure) 

( Fig. 2). For instance, in a classroom study, 

automated guidance was highly accurate and 

as effective as teacher-provided guidance for 

stimulating understanding of chemical reac-

tions ( 13). Similarly, ASSISTments research-

ers found that profi cient students could take 

advantage of receiving annotated solutions 

to math problems, designed by an expert 

instructor but chosen and offered by a com-

puter, to improve their performance on future 

problems. Less-profi cient students benefi t-

ted from automated guidance that emulated 

an expert teacher by asking questions but not 

giving answers ( 14). In addition, when using 

Betty’s Brain, students constructed more 

accurate concept maps (diagrams show-

ing relations between concepts) when they 

received conceptual guidance than when they 

received explicit directions ( 15). These stud-

ies support the value of guidance that encour-

ages students to reconsider their ideas rather 

than telling them the right answer.

 Teachers report spending up to 10 min 

to compose detailed guidance for each work 

group doing an inquiry activity and at least 2 

min per work group assigning premade com-

ments ( 13). When guidance is automated, 

teachers can instead concentrate on students 

the computer identifi es as not making prog-

ress. Teachers can also review automated 

scores to gauge overall class progress or to 

design activities that address specifi c concep-

tual diffi culties. Instructors can use student 

responses immediately to adjust their instruc-

tion and annually to revise courses for the 

next group of students.

The Need for Design and New Research

Inquiry activities in which students grap-

ple with open-ended questions and come up 

with novel solutions are now feasible in large 

classes and MOOCs by taking advantage of 

automated scoring and guidance. Of course, 

instructors still need to design the inquiry 

activities, scoring rubrics, and guidance. The 

computer only assigns the guidance.

These technologies open up exciting 

opportunities. Writing explanations for com-

plex phenomena can help students develop 

greater understanding in STEM and language 

arts. As advances increase the precision of 

scoring technologies, assessments featuring 

written work and drawings can replace detail-

oriented multiple-choice questions. Adding 

drawing activities can help students who lack 

profi ciency in reading and writing to explain 

their ideas. These technologies also raise cru-

cial research questions including how best 

to design guidance and whether automated 

guidance works for all students. Research can 

help determine ways to speed up the process 

of creating new inquiry activities and associ-

ated automated guidance.

These findings illustrate the need for 

open-source learning environments that sup-

port inquiry and can be widely used in typi-

cal courses. For example, automated guid-

ance could improve performance and sustain 

participation in MOOCs. Adding inquiry fea-

tures and guidance to support learners’ inves-

tigations should be a high priority for design-

ers of learning environments.

References and Notes
 1. National Research Council, Taking Science to School, R. A. 

Duschl, H. A. Schweingruber, A. W. Shouse, Eds. (National 
Academies Press, Washington, DC, 2007).

 2. Next Generation Science Standards (Achieve, Inc., Wash-
ington, DC, 2013); www.nextgenscience.org/.

 3. M. C. Linn, B.-S. Eylon, Science Learning and Instruction 
(Lawrence Erlbaum, Mahwah, NJ, 2011).

 4. J. Osborne, Science 328, 463–466 (2010).  
 5. K. Ryoo, M. C. Linn, J. Res. Sci. Teach. 51, 147–174 

(2014).  
 6. D. H. Uttal, D. I. Miller, N. S. Newcombe, Curr. Dir. 

Psychol. Sci. 22, 367–373 (2013).  
 7. S. Wineburg, M. Smith, J. Breakstone, Soc. Educ. 76 ( 6), 

288–291 (2012). 
 8. K. VanLehn, Ed. Psychol. (Bern) 46, 197–221 (2011).  
 9. S. Sisk-Hilton, Teaching and Learning In Public: 

Professional Development Through Shared Inquiry (Teach-
ers College Press, New York, 2009).

 10. O. L. Liu, et al., Educ. Measure. Issues Pract. 10.1111/
emip.12028 (2014). 

 11. R. D. Roscoe, D. S. McNamara, J. Ed. Psychol.  10.1037/
a0032340 (2013).

 12. A. C. Graesser, et al., Behav. Res. Methods Instrum. 
Comput. 36, 180–192 (2004).  

 13. A. N. Rafferty, L. F. Gerard, K. McElhaney, M. C. Linn, in 
Proceedings of the Workshops at the 16th International 
Conference on Artifi cial Intelligence in Education, vol. 8, E. 
Walker, C.-K. Looi, Eds., Memphis, TN, 13 Jul 2013 (AIED, 
2013), pp. 612–619.

 14. L. M. Razzaq, N. T. Heffernan, in Proceedings of the 2009 
Artifi cial Intelligence in Education Conference, V. Dimi-
trova, R. Mizoguchi, B. du Boulay, A. C. Graesser, Eds., 
Brighton, UK, 6 to 10 July 2009 (IOS Press, Amsterdam, 
2009), pp. 457–464.

 15. J. R. Segedy, J. S. Kinnebrew, G. Biswas, Educ. Technol. Res. 
Dev. 61, 71–89 (2013).  

 Acknowledgments: This material is based on work sup-

ported by the NSF under grant no. DRL-1119670. Any opinions, 

fi ndings, and conclusions or recommendations expressed in this 

material are those of the author and do not necessarily refl ect 

the views of the NSF. 

10.1126/science.1245980

QUESTION: Burning coal to produce electricity has increased the carbon dioxide content of the 

atmosphere. What possible effect could the increased amount of carbon dioxide have on our planet?

Explain your answer.

I think that it has a lower 
relative humidity 
because the carbon 
dioxide takes up the 
space of the air 
molecules and so there is 
less humidity.

The burning of coal will 
make a warmer climate, 
because the coal will 
make a smog that keeps 
in the warm air.

This is just like the car 
because of the green 
house effect the extra 
carbon dioxide will trap 
the sun‘s rays in our 
atmosphere. This is 
called global warming.
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Computer evaluation of written answers. Student response to the coal item that c-rater can automatically 
score. Guidance that encourages students to look at relevant evidence and revise their ideas can be associated 
with these scores. [Figure based on c-rater}
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