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A problem in STEM learning 

•  Alarming	that	we	are	not	producing	enough	students	interested	in	STEM	domains.		
	
•  One	problem	might	be:	Students	have	deep-rooted	robust	misconcep7ons		

–  Documented	by	over	4	decades	of	science	educa=on	research;		

–  Misconcep=ons	are	ubiquitous;	

–  They	persist	&	are	resilient	to	change	despite	the	best	instruc=on.	
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Research Question & Goals: 

•  RQ:	Why	are	these	deep-rooted	misconcep7ons	so	hard	to	
overcome?		
–  Goal	1:	Provide	a	theore7cal	explana7on	for	their	existence,	persistence,	&		

resistant	to	change	with	instruc7on?		
–  Goal	2:	If	we	can	provide	an	explana7on,	then	perhaps	we	come	up	with	a	

novel	instruc7onal	approach?	
•  Throughout	our	explana=on,	many	assump=ons	are	made,	some	

substan=ated	by	evidence	and	others	are	based	on	our	analyses.		
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What	are	misconcep7ons?	 
Propose:	They	are	prior	concep7ons	that	are	incorrect	from	1	of	2	perspec7ves		
(Chi,	1997;	Chi,	SloJa,	de	Leeuw,	1994;	Chi,	2013)		
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Norma7ve	Perspec7ve	 Ontological	Perspec7ve	

•  Incorrect	in	the	True	or	False	
sense	based	on		experts’	
knowledge	of	the	domain		

 

•  Incorrect	in	the	
Incommensurate	sense	
based	on	ontological	
categories	



What is the ontological perspective? 
•  Categories	can	be	hierarchically	related	(subset-superset).		
•  Or	non-hierarchically	related	or	“laterally-related.”		Lateral	categories	are	ontologically	dis=nct:	e.g.	

En55es	and	Processes		
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Linear 

Mental States Processes 

Objects 

Procedures 

Substances Ideas 

Natural Artifacts Events 

Fluids Coalescent Aggregating 

Emotions 

Entities 

Emergent   

Kind 

Animal 



What	does	ontologically	dis7nct	(or	Incommensurate)	mean?	 
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•  How	can	we	tell	a	car	(an	En=ty)	&	a	car	race	(a	Process)	are	INCOMMENSURATE?		
•  By	showing	that	the	dimensions	of	one	concept	cannot		

describe	a	member	of	the	other	Category	sensibly.			
•  A	car	is	an	OBJECT/ENTITY,	objects	have	dimensions	such	as:	

–  it	has	weight;	it	can	have	color;	it	can	be	contained	inside	a	box.	
•  It’s	FALSE	to	say	that	“The	car	shown	above	is	blue.”	but	it’s	sensible	b/c	A	car	can	have	dimension	of	

color,	even	though	the	color	is	incorrect.	
•  but	to	say	that	“The	car	happened	yesterday”	or	“The	car	is	sad”,	is	anomalous	b/c	these	predicates	are	

dimensions	of	Processes	(=me)	&	Mental	States	(emo=on),	which	are	not	dimensions	of	OBJECTS.	
•  A	“car	race”	on	the	other	hand	is	a	kind	of	PROCESS,	so	it	makes	sense	to	say	that	the	car	race	

“Happened	yesterday.”		
•  A	“car”	and	a”	car	race”	are	concepts	belong	to	two	ontologically	dis=nct	categories.		

2	concepts	are	ontological	dis7nct	if	they	cannot	be	described	by	the	same	
dimensions/predicates.		

It’s	not	a	maOer	of	whether	the	value	on	the	dimension	is	TRUE/FALSE. 



 Illustrate the distinction between Incorrect in 
the True/False sense vs Incommensurate 

sense  
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Which cup keeps the coffee warmer? Styrofoam or ceramic? (Slotta, Joram, Chi, 1995) 

styrofoam ceramic 

Student A: “Ceramic” [FALSE] 

 Student B: “Styrofoam [TRUE] 

Regardless	of	the	accuracy	of	their	responses	in	the	True/False	sense,		their	explana=ons	are	
incommensurate	with	correct	explana=ons,	in	terms	of	the	ontological	dimensions/predicates.	
I.e.,	using	predicates	such	as	“gonna	escape”	and	“trapped”	to	describe	heat	is	trea=ng	
temperature as a measure of the amount of hot molecules (ENTITIES)	that	can	be	trapped	
in	or	escape	out	of	a	cup,	vs the speed of molecules’ vibration (PROCESS)	

              because the heat in the styrofoam cup is gonna escape… 
 b/c the styrofoam cup is not totally sealed, because there’s, like…little holes in it …” 

       b/c it would trap the heat better…b/c ceramic doesn’t have 
air bubbles in there that can absorb the heat of the coldness.”  



“Heat	is	hot	molecules.”	suggests	that	heat/
temp	is	misconceived	as	hot	Objects/

En55es,	rather	than	a	Process	of	molecular	
vibra=on. 
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Misconcep7ons	are	instances	in	which	a	science	concept	
is	mis-categorized	into	an	alterna7ve	ontological	

category.	 



 Why is this mis-categorization a detrimental problem 
(preventing conceptual change)?   

•  Categorizing is one of the most powerful human cognitive abilities. 2 advantages:   
–  Allow us to reduce the complexity (the “blooming, buzzing confusion”) of our 

environment; 
–  Once an object/concept is categorized, that concept inherits all the other 

relevant information about that category. 
•  This “inheritance” advantage turns into a disadvantage if a concept is 

miscategorized into an alternative category, b/c then it inherits all the 
inappropriate dimensions of that alternative category.   

•  So correct categorization is critical to understanding, and must occur prior to 
learning details about domain-specific knowledge.   
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Note:	Standard	instruc=on	typically	confronts	the	incorrectness	
of	a	misconceived	explana=on	(i.e.,	takes	the	Norma=ve	
perspec=ve),	rather	than	challenge	the	categorical	dimensions	of	
a	misconceived	explana=on	(i.e.	the	Ontological	perspec=ve).		



What is the challenge in re-categorizing  
(previously called shifting, re-assigning)  
if a concept is initially mis-categorized?  

•  Misconception that Whale is a Fish can be easily refuted and re-assigned to Whale is a Mammal. This 
is because students are knowledgeable about both Fish & Mammals. 

•  B/c students have difficulty changing their misconceived category/framework/schema with an appropriate 
alternative category, this è that they are not knowledgeable about the alternative category that is 
appropriate for many science concept. 
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A whale is a Fish. A whale is a Mammal 



What is the appropriate alternative category to 
which a misconception belongs?  

In prior work, we had assumed that misconceptions are concepts that should be categorized as 
Processes and not as Entities.  This uni-direction è Ss are less familiar with Processes.   

(Reiner, Slotta, Resnick & Chi, 2000; Slotta, Joram, Chi, 1995; Slotta & Chi, 2006)  
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We had assumed earlier that “heat”  is misconceived as Entity (hot molecules). 
 But what is their misconception about heat transfer? They do know heat comes into the room.. 

So is it sufficient to claim that it is misconceiving Processes as Entities? No, b/c they do 
conceive of heat transfer as a Proess, but a process like “exchange.”  

Scien7fic	Concep7on	(Process)	 Misconcep7on	(En77es)		
98°	 48°	 Hot	 Cold	

t1	

Molec	impact	each	other	&	exchange	energy		 Hot	molecules	move	over	(or	exchange	loca7ons)	

t2	 Exchange	loca7ons	
is	a	Process.	So	what	
is	the	misconceived	
Category?	



Additional analyses suggest that we need to consider different categories of Processes.  
Based on our analyses, we propose that Processes can be decomposed into two ontological 

kinds: “Sequential” and “Emergent.” Misconceptions is misconceiving of Emerg as Seq. 
This uni-direction of misconception ! Ss may be unfamiliar with Emergent Processes. 
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What are Processes?  
•  Little scholarly work (besides some work in psychology on narratives, scripts).  
•  Psychologists typically study concepts of Entities or step-by-step procedures. 
•  You cannot find this term “Processes” in the index of science texts. 
•  Merriam-Webster: A process is “a series of actions that produce something or that 

lead to a particular result.” or a series of steps. Close to a definition of Seq.  
•  We propose that processes (e.g. circulation) can be described by 3 components:  

–  the Pattern that can be seen over time (or heard, or feel) 
–  the Agents producing the pattern 
–  the Interactions of the agents. 

•  Using these 3 components, we describe a process as a series of interactions (not 
actions) among the agents that occur over time; these interactions display a 
pattern. 
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What is the pattern of a processes?  
 

•  A static visual “pattern” is any static percept that is recognizable/
interpretable.  
–  So “2 people standing there” is a pattern;  
–  a circle is a pattern, etc.  

•  The visual pattern of a Process is the “Changing static pattern,” 
or a “dynamic pattern.” 

•  Many patterns are very familiar to us.  
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A Familiar Pattern of Increasing Size 
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Or Increasing height:  
Taller, shorter,  
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 Other examples of dynamic patterns that are 
familiar in our environment 

•  Numerosity: increasing & decreasing in quantity, exponentially 
increasing/decreasing 

•  Size: getting wider, bigger all around 
•  Height: getting taller, shorter 
•  Speed: going faster, slower 
•  Color: getting darker, lighter 
•  Change in location/direction: Moving in a straight line 
•  Volume: #/sf, e.g. increasing junk piles or messiness 
•  Others: Waves, spirals, etc. 
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Patterns need not be visual. It 
can be auditory, somatic, or 

imagined. 



E.g. In a wolf hunting process, who are the 
Agents, what are the Interactions, Pattern 

•  Agents	are	the	wolves	and	prey.	Agents	par=cipate	in	interac=ons.		
•  Interac7ons	are:	Wolves	chase	prey.	“Chase”	is	an	interac=on	between	

a	wolf	and	a	prey.		
•  The	paOern	the	wolves	produce	is	sort	
							of	a	goal-directed	path	going	in	same		
							direc=on	
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In an ants foraging process, who are the Agents, 
what are the Interactions, Pattern? 

•  Agents	are	the	ants	that	are	looking	for	food.	
•  Ants	interact	by		

–  sniffing	pheromone,		
–  dropping	pheromone	when	looking	for	food	and	when	food	is	

found.			
•  The	paOern	the	ants	produce	when	foraging	looks	like	a	goal-directed	

path,	in	which	the	ants	knew	where	to	go	to	get	food.	
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Processes of ants-foraging-for-food and wolves-hunting-for-prey 
look somewhat similar at the pattern level: 

both exhibiting goal-directed path as the pattern 

21 

We claim that b/c the patterns look similar, the causal explanations for how the 
goal-directed path patterns occur are similar (i.e. attributing the cause to a 
single leader (e.g. like an alpha wolf). è so the explanation for the ants is 
misconceived b/c the ant line is not formed by the role of a leader. 



Now that we know what are the Pattern, Agents, & Interactions for Processes,  
what is the problem?  
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PaOer-level	Behavior	

•  Direc=onal	
•  Seems	Inten=onal	&	

stops	at	equilibrium	

Agent-level	Behavior	

•  Reverse	Direc=on	
•  Random	&	

Con=nuous	

•  The	behavior	of	the	
PaJern	is	very	
different	from	the	
behaviors	of	the	
Agents.		

•  The	problem	is:	
Students	cannot	
explain	or	reconcile	
how	the	paJern	
emerges	from	the	
agents’	interac=ons,		
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We refer to this problem as the Inter-level Causal Explanation. 
Distinct from learning more about Pattern level parameters & 

constraints & Agent level information, SFB of molecules. 

Flow is uni-directional 

Pattern level 
parameters &  

laws, can  
be learned 

Agents’ behavior 
& interactions 

can be learned:  
E.g. S/B/F 

of molecules 

em
er

ge
nt

 m
ec

ha
ni

sm
 

Misunderstand how 
Agent level 

Cause the pattern 

 Learning	such	detailed	
knowledge	is	o3en	mis-
interpreted	as	having		
repaired	misconcep8ons.	



 Misconceptions are often revealed in Ss’ performance on concept 
inventory items.  We coded whether concept-inventory questions require 

inter-level explantions.  In this sample, av is 41%. 
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If misconceptions result from not understanding 
inter-level causal explanation, then 

•  we need to explain the differences between a correct inter-
level causal explanation and a misconceived inter-level 
causal explanation.  

•  To do so, we analyzed students’ misconceived explanations 
across many concepts; 

•  Resulted in identifying a set of characteristics for their 
misconceived explanations (Chi, 1997; Chi, 2005). 

•  Next, we illustrate the characteristics “attributes” of a 
misconceived explanation with an everyday example. 
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Suppose we ask for an inter-level explanation:  
How do the geese come to fly in this V-formation/pattern?  
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Pattern is caused by (1) the leader goose (a single agent or a subset of agents) 
telling others where to fly.  

(3) The direction that the geese fly tend to   
align w direction of the pattern 

(5) The lead goose stop telling the other geese where to 
fly  once the V pattern is formed (interaction stops when 
the pattern is formed) 

 (4)  The V is intentionally 
produced. The leader goose 
wants to produce this 
pattern (global goal). 

The leader 
goose has 
greater control 
(centralized) or 
more important 
role or (2) 
special status   

A	common	naive	explan:	that	there	is	a	leader	goose	telling	others	where	to	fly	è	
5	related	characteris=cs	that	we	refer	to	as	inter-level		“aJributes.”	 



The	geese	explana=on	is	incorrect/misconceived,	probably	borrowed	from	the	
common	correct	explana=on	that	“there	is	a	lead	pilot”	for	this	similar	V.	
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Pattern is caused by a (1) single agent  [i.e., 
the lead pilot] or a subgroup of agents [pilot & 
co-pilot] 

è Some agent(s) have (2) special 
status or diff roles  [the lead pilot has a 
central control role vs the followers] 

The direction of indiv agent’s actions often 
(3) corresponds or aligns with the direction of pattern  
(Planes go in same direction as V). One or more of agents  

have a (4) “global” 
goal of intentionally 
flying in this V-pattern. 

(5) Once the pattern is 
achieved, the pilot no longer 
needs to tell others where to 
position themselves. 
Interaction betw Pilot and 
other pilots stop. 



In	contrast,	how	this	paJern	is	formed	is	based	on	each	goose	trying	to	fly	in	a	pocket	of	least	
air	resistance	behind	another	goose.	The	aJributes	characterizing	this	correct	explana=on	are:		
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Pattern is caused by (1) all (vs single/subset) the geese interacting in the same way. 

(3) Direction that a few birds fly may not align 
or correspond the patternè No direct effect 
of particular individual goose’s interactions on 
the pattern. 

Once the V-pattern is formed, all the birds (5) continue 
to interact by seeking a pocket of least air resistance.   

V is unintentionally produced.  
Each indiv bird has only (4) local 
goals or instinct of flying in a 
pocket of least air resistance (vs 
global goal) 

All the geese 
contribute equally 
toward V, all birds 
have (2) equal 
status or 
decentralized 
control (vs. special 
status for some 
geese)  



When we consider the 2 sets of inter-level attributes for the 2 kinds of causal 
inter-level explanations, they are diametrically opposite/mutually exclusive !  

Emergent & Sequential processes are likely ontologically distinct. 

*Characteristic attributes mean not every 
causal explan must embody all 5 attrib. 29 

Emergent	Processes	(Geese)	
•  The	en=re	collec7on	of	all	the	agents	are	

responsible	for	the	observed	paJern		
•  An	individual	interac=ons	have	no	direct	effect	on	

the	overall	paJern;	interac=ons	do	not	match	or	
necessarily	align	to	the	paJern	

•  All	agents	contribute	equally	toward	the	paJern	
(equal	status	&	decentralized	idea)	

•  The	paJern	is	un-inten7onal.	Agents	are	pursuing	
local	goals	in	their	interac=ons,	not	global	goal.	

•  Interac=ons	among	the	agents	con7nue	even	when	
the	paJern	has	emerged	or	reached	equilibrium.	

Sequen7al	Processes(Pilots)	
•  Single	agent	or	subgroup	of	agents	can	produce	

the	observed	paJern	(centralized).	
•  An	interac=on	have	a	direct	effect	on	the	overall	

paJern;		that	is,	interac=ons	match	or	align	to	
the	paJern.	

•  Some	agents	contribute	more	toward	the	
paJern	than	others	so	have	special	status	
(centralized	control)	

•  The	paJern	is	inten7onal.	Agents	are	interac=ng	
to	pursue	the	global	goal	of	the	paJern	
purposefully.	

•  Interac=ons	terminate/stop	when	the	paJern/
goal	is	met.	
			



  We propose that many science concepts taught in middle and high school are 
a kind of Emergent processes, & Ss misunderstand them by treating them as 

similar to Sequential P. 
E.g. Diffusion flow as water flow; Heat transfer as exchange of locations. 
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	Turns	out	that	many	science	processes	taught	in	middle	schools	for	
which	students	have	misconcep7ons	are	emergent	ones.	 

31 

Emergent	and	Sequen=al	ones	are	in	fact	olen	covered	in	the	same	chapters.	 

Emergent	Processes	

•  Osmosis,	
Diffusion;	
Ex=nc=on	

•  Floa=ng	and	
sinking	

•  Natural	
selec=on	

•  Heat	Transfer	

Sequen7al	Processes	

•  Photosynthesis	
•  Circula=on	of	
blood	

•  Phases	of	
moon	

•  Phases	of	cell	
division	



We assume that people have a predisposition/bias to view 
processes as a kind of Sequential/Linear processes. 

•  Evidence	of	predisposi7on:		
–  Young	children	can	understand	narra=ves,	which	contain	sequen=al	causal	

structures.	
–  Misconcep=ons	are	uni-direc=onal	(misconceive	an	Emergent	process	as	

Sequen=al,	but	never	the	other	direc=on).		
•  We	interpret	the	uni-direc=on	of	the	bias	to	mean	that	students	are	naïve	and	

ignorant	about	Emergence.	
•  If	this	assump=on	is	correct	(that	students	lack	knowledge	of	Emergence),	then	we	

ought	to	teach	them	to	learn	about	Emergence,	so	that	they	can	use	it	to	interpret	
and	understand	emergent-like	processes	taught	in	school	curricula.	
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Our Novel Instructional Approach & Goal: 

•  Our	goal	is	to	teach	students	about	the	category/schema	of	
Emergence:	By	developing	an	online	Module	@	Processes	in	general	
–  Specifying	the	similari=es	among	all	processes,	Seq	&	Emerg	ones	
–  &	differences	between	Emergent	and	Sequen=al	Processes,		
–  Using	everyday	familiar	examples	(so	don’t	need	to	learn	details);	

•  and	then	to	test	whether	understanding	the	general	Process	Module	@	
Sequen=al	&	Emergent	Processes	can	transfer	to	improved	
understanding	of	specific	science	concepts,	such	as	diffusion	and	
natural	selec=on.	
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Besides	the	need	to	teach	about	Processes	in	general	(paJern,	
interac=ons,	agents),	we	face	4	significant	challenges	in	

developing	a	Process	Module	@	both	Seq	&	Emergt	Processes.	
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1.  Ss	need	to	first	learn	to	discriminate	the	two	kinds	of	processes	
(since	they	look	or	feel	similar	at	the	paJern	level)	so	one	knows	
which	causal	explana=on	to	give.	

2.  How	do	we	overcome	the	“learning	paradox”		(Bereiter,	1985)	
3.  How	to	teach	the	mechanism	of	aggrega=ng/collec=ve	summing??	
4.  How	to	foster	transfer???	



Challenge 1: How can students learn to discriminate the processes since patterns 
are misleading?  Discrimination can be made  based on the characteristics of the 

interactions, referred to as “features of the interactions or relations among 
interactions”: we have identified 2 mutually exclusive sets of features. 
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1.  Same interactions: All ants interact in the same 
way, sniffing and following pheromones. 

2.  Random interaction: Each ant can interact with 
any other ant. 

3.  Simultaneous interactions:  All interactions can 
occur at the same time. One ant following 
another ant can occur at the same time as 
another ant following another. 

4.  Independence: There is no relations between 
the interaction of one pair of ants with another 
pair. 

  

1.  Different interactions: Some wolves chase, some 
attack, some attend to young. 

2.  Restricted interactions: Some wolves can interact 
with other wolves but not the prey. So their 
interactions are specific to with whom they can 
interact. 

3.  Sequential interactions: The alpha wolf attacking 
the prey cannot happen until the chasing wolves 
corner the prey and tired him out.  

4.  Dependent interactions: There is some dependency 
between one interaction with another. 



Based on 9 students’ ease of understanding, we have recently 
selected 5 matched pairs of everyday processes as training pairs 

to teach discrimination 
5 Analogous Test Pairs of Contrasting Everyday Processes 

One  test pair	
Sequential Process	 Emergent Process	

1. People Building a Skyscraper	 1.  Termites Building a Mound	

2. School-wide Administering of Vaccine	 2.   Flu Spreading Through a School	

3. Wolf Pack Hunting	 3.  Ants Foraging	

4. Telephone Tree Enactment	 4.  Rumor Spreading	

5. Pilots Flying in V-formation	 5.  Geese flying in V-formation	

 Test Pair:    Elephants Migrating	 Wildebeest Stampeding	
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We are exploring how to teach 8th graders to discriminate emergent from 
sequential processes by the “features” of  the interactions. Using pairs of 

processes, we have tried prompting with questions @ interactions.  

• Can	all	pilots	par=cipate	in	the	same	
interac=ons,	or	do	some	pilots	have	unique	
forms	of	interac=on?	

Same	or	
Different?	

• Can	all	agents	interact	with	any	other	
random	agents	or	must	agents	restrict	
interac=ons	to	specific	others?	

Random	or	
Restricted?	

• Do	all	geese	interact	at	the	same	=me	in	no	
par=cular	order	or	must	some	interac=ons	
happen	before	others	in	some	serial	
dependent	order?	

Simult/indep	
or	Serial/
dep?	
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Time 1 Time 2 Time 3 Time 4 

Pattern 
Level 

Agents 
Level 

Inter- 
level 

Same 
Random 

Independent 
Simultaneous 

Same 
Random 

Independent 
Simultaneous 

Same 
Random 

Independent 
Simultaneous 

Same 
Random 

Independent 
Simultaneous 

Fly in updrafts generated 
by other geese 

We have also tried prompting w augmented phase diagrams:  
The process of birds forming V 

Fly in updrafts generated 
by other geese 

Fly in updrafts generated 
by other geese 

Fly in updrafts generated 
by other geese 



The 2nd challenge is the “learning paradox.”  
What is the learning paradox (Bereiter, 1985)? 
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•  Scholars	agree	that	people	basically	learn	by	assimila7on,	which	means:			

	I.e.,	we	ac7vate	prior	knowledge	and	embed	new	informa=on	with	prior	
	knowledge,	such	as	by	expanding/elabora=ng/filling-in-gaps	of	what	we	
know.	è		we	can	more	readily	form	new	analogically	similar	ideas.	

•  If	learning	is	by	assimila=on,	how	can	we	ever	learn	anything	totally	new,	
since	we	don’t	have	any	prior	knowledge	about	Emergence	to	embed	it	
with?			

•  Challenge:	How	can	we	teach	new	ontologically	dis=nct	&	dissimilar	ideas	if	
learning	is	fundamentally	through	assimila=on?	



To allow assimilation to take place, we teach new knowledge @ Emergence by 
activating Ss’ prior knowledge about Sequential processes (features & attrib), 
but linking new knowledge @ Emergence to Sequential processes by pointing 

out the relation of “opposite or contrast.” 
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One/few 

corresp 

Special 
status 

Global 
goal 

Additive 
summin 

Different 

Sequential 

Restricted 

Dependent 

Terminate 

All 

Local 
goal 

opposite 

Simultan 



The 3rd challenge:  
how to teach the inter-level mechanism that causes the pattern 

to arise from interactions of agents.  
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•  Misconceptions occur when the same/similar pattern 
can be explained by two distinct causal mechanisms. 
We call them:   
–  Additive/cummulative summing mechanism: is very 

familiar to students, that is adding a quantity to a previous 
quantity (e.g. counter).  

–  Aggregate/collective summing mechanisms: they require 
adding all values at a given point in time (such as adding all 
vectors, both positive and negative, for a net effect).   



An example of a Pattern that increases in numerosity:  
From Day 1 ($2.00) to Day 2 ($6.00, etc), Joe has more and more $

$$. What (mechanism) can explain this pattern? 
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What inter-level mechanism could have caused this pattern?  
Possible explanation. 

•  If	context	is	a	bank	account,	then	the	interac=ons	are	Joe	deposi=ng	money	
every	day.		

•  Explana=on	for	the	paJern	might	be:		Joe	deposits	some	amount	of	money	
			in	account	everyday,	which	is	added	to	the	prior	day’s	amount.	
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What is the generalizable mechanism of the explanation that Joe 
deposited money everyday and what are its properties? 

•  Joe	goes	to	the	bank	each	day	and	deposit	$$$	to	the	amount	in	his	account	of	
prior	day.	

•  I	call	this	“cumula=ve	summing”	or	“addi=ve/subtrac=ve	summing”.		
•  This	type	of	mechanism		
				characterizes	Sequen=al	
				Processes.	
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+ 
$4.00  



What if the context is Joe playing blackjack for those days,  
how do you explain his patterns of increasing $$$ across days?  
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Explanation is: The pattern is caused by his resulting $
$ from his wins/losses each day 
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•  The mechanism is summing each day’s wins and losses. 
•  This type of mechanism characterize    

Emergent Processes. 



Another example. The Pattern is an increase in # of people 
over time who knows about a snowy day or a rumor.  
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Day 1: 16 people know 

Day 2: 36 people know 

Day 3: 50 people know 



In the context of the old fashion way of spreading the news about rumors or 
cancelling school on a snowy day,  a telephone tree is one mechanism: 

each person has a few pre-assigned others to call, # of people who know 
increases.  Increase in $$ is additive: At each level of tree, some # people are 

added to the prior day’s # of people.     
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In context of rumor spreading, each person tells another that s/he happens to run into, 
resulting in same increase pattern. But the mechanism is proportion increase in # 

people who know rumors/# of people who don’t know.  
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So spreading via telephone tree is a very 
different mechanism from gossiping . 

•  We	can	discriminate	that	the	Telephone	tree	is	a	Sequen=al	process	by	the	
features:	
–  Different	people	do	different	interac=ons	(some	call	3	vs	others	call	9	people)	
–  There	are	restricted	specific	others	one	has	to	interact	with,	etc.	

•  	With	rumor	spreading,	it	is	an	Emergent	process	b/c	the	features	are:	
–  Everyone	(all)	does	the	same	thing—passing	the	rumor.	
–  Any	one	can	interact	with	any	random	other	

•  One	is	addi7ve	increase,	the	other	is		propor7on	increase.	
•  Thus,	the	2	processes	have	different	causal	mechanisms.	
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Our assumption is that students are very familiar with 

Cumula7ve	(addit/subtr)	mechanism	

•  The amount on Day 2 is related to 
amount in Day 1 by some definable 
rule (+ or - amount). 

•  One interaction per unit of the 
pattern (per day) (1 deposit) 

•  Can predict the progression of the 
pattern sometimes (e.g. how many 
teachers will get call) 

•  Can cut off the pattern more easily 

But not Collective mechanism (needed 
to understand many misconceived 
science concepts 
•  The amount on each day is 

unrelated. 
•  Multiple interactions must sum up 

per unit of the pattern (multiple 
hands of Black Jack) 

•  Harder to predict the pattern (how 
quickly rumors spread) 

•  More difficult to stop the pattern. 
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E.g. in diffusion, not only they can not give the Inter-
level Causal Explanation, but they don’t know the 
mechanism that causes the perceived pattern.    

Flow is uni-directional 

em
er

ge
nt

 m
ec

ha
ni

sm
 

 What is the mechanism  
that allows perception  

of flow? 



The mechanism explaining the perception of flow (or ink flowing to the right) is a collective one: 
The proportion of ink molecules  (not the number) is more likely to increase within each 

segment from Time 1 to Time 2. This will give the appearance of ink flowing from the left beaker 
to the right beaker. Proportion is collective summing of ink & clear. 

Time	1	

Time	2	

85%	 52%	 41%	 20%	

74%	 61%	 50%	 35%	



Not knowing collective summing can explain the misconception in 
McCloskey’s question about the arc of the bomb dropped by a plane (Pattern): 

Like diffusion, the pattern of the arc is collective sum of all the velocities at 
each instance of time. 

McCloskey, 1983  54 



Challenge 4: How to foster transfer of understanding Processes 
(including Emergent) to science concepts of processes 

•  By grounding or instantiating the to-be-learned science concept 
in the context of Emergence. 

•  We tried this once, in which 8th-grade students learned an overall 
Process Module that describes Emergent and Sequential 
Processes. 

•  “Grounding” or instantiating is tried in a specific way: Scaffolding 
prompts 
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 Experimental & Control Conditions: Only 2 differences (in bold) 
Process Module + Prompts that were worded to target specific features & attributes  
(I.e. the Diffusion module was grounded/instantiated in context of Process Module) 

Chi, Roscoe, Slotta, Roy & Chase 
(2012) 56 

Experimental Condition 
1.  Process Module  
2.  Diffusion Text 
3.  Macro simulation of 

 diffusion (+ prompts) 
4.  Micro simulation of 

 diffusion 
  (+ Emerg prompts) 

 (“Can this molecule move in a different 
direction from the flow of the ink?”) 

5.   Pre-test and post-test 
 

 Control Condition 
1.  Nature of Science  
2.  Diffusion Text 
3.  Macro simulation of  

 diffusion (+ prompts) 
4.  Micro simulation of 

 diffusion  
 (+ Generic prompts) 
 (“Describe how this molecule is 
moving.) 

5.     Pre-test and post-test 
 



 
Did learning the domain-general Process Module transfer to learning diffusion? 
The effect sizes were more than 1 standard deviation greater for Emergent M.  

Caveat: Can’t tell whether the Diffusion prompts were adeq for learning without 
Process Module. 
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Chi, M.T.H., Roscoe, R., Slotta, J., Roy, M., & Chase, M. (2012). Misconceived causal 
explanations for emergent processes. Cognitive Science. 36, 1-61.    



Conclusion: Our instructional approach is 
different & novel 

Misconception 
Researchers’  

Approach 

Complexity 
Researchers’ 

Approach Us 

Goal: To understand complexity 
Teach: Principles underlying  

 complexity: 
•  Dynamic equilibrium 
•  Feedback loop 
•  Self-organization 
•  Tipping point 
Outcome: Understand complexity 

Goal: To understand science 
 concepts. 

Teach categories of Processes  
•  Identified characteristics 
•  Identified attributes 
•  Components of Processes 
•  Inter-level mechanisms 
Outcome: Understand category  

 of emergent processes 
 with potential to transfer 
   

Goal: To understand science 
  concepts. 
Teach correct science information 
Outcome: Understand science 

 concepts. 
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Research	

Research	
Ques7ons	

Goal	
for	Students	

Main	
Arguments	

Content	of	
Instruc7onal	
Interven7on		

Pedagogical	
Approach	

Outcome	of	
Learning	

Our	Research	

•  Misconcep=ons		
•  Why	are	K12	science	concepts	

misconceived?	

•  Understand	the	category	of	complexity/
emergence	in	order	to	transfer	to	
understanding	science	concepts.	

•  Misconcep=on	is	misunderstanding	inter-
level	causal	explana7ons	

•  Understanding	requires	learning	new	
ontology	

•  Teach	iden=fied	4	pairs	of	agent-level	
features	for	discrimina=on	

•  Teach	iden=fied	5	pairs	of	inter-level	
aJributes	of	inter-level	causal	explana=ons	

•  Teach	mechanism	of	collec=ve	(net)	sum			
•  Discriminate	to	Categorize	

ü  Use	everyday	examples	to	build	new	
schema	by	comparing	and	contras=ng	

ü  Ground	science	concepts	in	new	
schema	with	emergent	scaffolding	
ques=ons	

•  Understanding	generalizable	across	
concepts	

Research	@	Complexity	
(Wilensky;	Jacobson;	Yoon)	

•  Complexity	
•  Why	are	some	specific	science	concepts	

difficult	to	learn?	

•  Understand	complexity	in	the	context	of	
complex	science	concepts	

•  Complexity	phenomena	are	launched	in	
NGSS	

•  Understanding	difficult	science	concepts	
requires	learning	principles	of	complexity	
(e.g.	feedback	loop,	=pping	point,	dynamic	
equilibrium,	self-organiza=on,	etc.)	

•  Teach	complexity	principles	as	iden=fied	
by	experts	(e.g.,	feedback	loops,	dynamic	
equilibrium,	self-organiza=on,	emergence,	
etc.)	in	order	to	understand	complex	
science	concepts	

•  Program	own	computer	models	
•  Interac=ng	with	computer	models	

Produc=ve	Failure	learning	approach	
•  Use	inquiry-based	instruc=on	with	generic	

scaffolding	ques=ons	
•  Group	discussion	

•  Understanding	improved	for	specific	
concepts	

Research	@	Misconcep7on	
(Chiu;	Posner;	diSessa;	Osborn;	Driver)	

•  Misconcep=ons	hinder	understanding	
•  Why	are	K12	science	concepts	

misconceived?	

•  Understand	science	concepts	

•  Misconcep=ons	are	either	alterna7ve	
paradigms	or	conceptual	framework	

•  Misconcep=ons	are	knowledge	in	pieces	

•  Teach	science	concepts	

•  Confront	or	use	Socra=c	dialog	to	make	
students	see	contradic=ons	

•  Build	from	students’	misconceived	ideas.	

•  Understanding	improved	for	specific	
concepts	
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What is the alternative appropriate category to which a misconception belongs? 
XX We had assumed earlier that “heat”  is misconceived as Entity (hot 

molecules). 

 But what is their misconception about heat transfer? Processes as Entities?  
Scientific Conception (Process) Misconception (Entities)  

98° 48° Hot Cold 

t1 

Molec impact each other & exchange energy  Hot molecules move over (or exchange location) 

Equilibrium motion continues (same speed) Balanced : Equal No. & no more movement 

t2 

t3 
Equilibrium motion continues (same speed) Balanced : Equal No. & no more movement 


