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Students’ Visualization of Diagrams

Representing the Human Circulatory

System: The use of spatial

isomorphism and representational

conventions
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This study investigated students’ interpretation of diagrams representing the human circulatory

system. We conducted an interview study with three students aged 14–15 (Year 10) who were

studying biology in a Hong Kong school. During the interviews, students were asked to interpret

diagrams and relationships between diagrams that represented aspects of the circulatory system.

All diagrams used in the interviews had been used by their teacher when teaching the topic.

Students’ interpretations were expressed by their verbal response and their drawing. Dual coding

theory was used to interpret students’ responses. There was evidence that one student relied on

verbal recall as a strategy in interpreting diagrams. It was found that students might have relied

unduly on similarities in spatial features, rather than on deeper meanings represented by

conventions, of diagrams when they associated diagrams that represented different aspects of the

circulatory system. A pattern of students’ understanding of structure–behaviour–function

relationship of the biological system was observed. This study suggests the importance of a

consistent diagrammatic and verbal representation in communicating scientific ideas.

Implications for teaching practice that facilitates learning with diagrams and address students’

undue focus on spatial features of diagrams are discussed.
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Introduction

Learning of many human biology concepts involves an understanding of how body

structures undergo certain processes and achieve certain physiological functions

that are essential for survival. The four-chamber human heart with all blood vessels

(the cardiovascular system) is modelled as the ‘double circulation system’. It separates

the oxygenated blood from the deoxygenated blood before it circulates around the

body. It also allows blood pressure high enough to circulate around the systemic

circulation.

Learning of human circulatory system is important in biology. Not least because it

is a key human physiological system, it is also important because understanding the

system is a key to the learning of other important biological concepts, for example,

the transport and exchange of materials in the human body, gaseous exchange, and

the lymphatic system. An understanding of cardiovascular disease and their treatment

is also based on concepts related to the circulatory system.

Biology concepts are not only represented by words (like the description in the

above paragraph) in printed or on-screen media. They are also represented visually,

for example, in the form of different diagrams. According to dual coding theory

(Paivio, 1986), verbal and visual means of presenting information facilities learning.

It is due to the synergy of the mental verbal system and the mental visual system. Mul-

tiple representations play an essential role in communicating disciplinary knowledge

for students’ learning. Among all the possible forms of representation, this paper

focuses on the role of textbook diagrams and some ways students might have inter-

preted them, because textbooks play a major role in science education in many

countries.

Learning the human circulatory system, like learning many other scientific con-

cepts, is demanding (Ainsworth & Loizou, 2003; Arnaudin & Mintzes, 1985;

Assaraf, Dodick, & Tripto, 2013; Pelaez, Boyd, Rojas, & Hoover, 2005; Sungur &

Tekkaya, 2003). A reason for the difficulty is that learning the system involves an inte-

grated understanding of different representations of the system. They include dia-

grams representing, for example, the four-chamber heart, the system of blood

vessels in the human body, the blood flow in the pulmonary and systemic circulations,

relative lumen size of arteries, veins, and capillaries. Students do not only have to

understand each of the diagrams, but also have to understand the relationship

between the diagrams, and form a holistic view of the system.

Previous studies revealed that students’ understanding of the human circulatory

system could be problematic. For example, it was found that, based on students’

drawing, some of them might have believed that blood circulation involves a drop

of blood circulating around the whole body before going back to the heart. They

may not be able to appreciate the significance of the pulmonary circulation (Arnaudin

& Mintzes, 1985; Pelaez et al., 2005). Nevertheless, little is known about how stu-

dents interpret diagrams and the relationships between diagrams when they learn

the human circulatory system. Unlike many existing studies, this study particularly

investigated how students associated multiple diagrams that represented different
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aspects of the same science concepts. Such a capability is commonly called for, but

sometimes neglected, in learning science (Liu, Won, & Treagust, 2014).

A way of conceptualizing different diagrams is to put them into a spectrum of differ-

ent degrees of abstraction (Pozzer & Roth, 2003). Many diagrams, however, include a

mixture of concrete and abstract elements. It may be more fruitful to consider the

ways in which a diagram represents its referents. It has been proposed that a

diagram represents through the use of two characteristic features, namely its conven-

tions and spatial isomorphism (Hegarty, 2011; Hegarty, Carpenter, & Just, 1991). In

this study, the ways that students interpret representational conventions and the

spatial isomorphic features of diagrams were investigated. This study aimed to

answer the general research question, ‘How did students interpret diagrams and

associate diagrams in their learning of the human circulatory system?’

In order to gain an in-depth understanding of students’ mental visualization of the

circulatory system and their ways of interpreting diagrams, we collected the data

through three clinical interviews of Year 10 students in a Hong Kong secondary

school. Its intake has an average of students’ academic achievement for the territory.

The students were selected based on their biology exam scores, from the top 10th, the

45th–50th, and the lowest 10th percentile of their cohort in this school. We probed

into students’ mental visualization through their drawing, their explanation of their

drawing and their interpretation of diagrams used during the classroom teaching.

The study further demonstrated the contribution of dual coding theory in enhancing

our knowledge of students’ learning and some possible ways that they interpret

diagrams.

Dual Coding Theory and the Circulatory System

Dual Coding Theory

In the use of textbooks, learning about the circulatory system takes place by reading

and by viewing diagrams. Dual coding theory discusses the relationship between these

representational systems. The most important tenets of dual coding theory are that

(i) there are two independent but interconnected functional systems, namely the

verbal system and visual system for information processing, and (ii) information

can be recalled and manipulated more easily if it is encoded in both systems

(Paivio, 1986, 2007). The detail of the theory that is relevant to science education

research has been discussed in Cheng and Gilbert (2014). In short, information

processing can be regarded as making of connections between different mental rep-

resentations in the verbal system and in the visual system. In this study, being able

to visualize can be regarded as:

. Making connections between mental visual representations within the visual

system. These connections are called associative connections. Reading a diagram

involves forming a mental visual representation in the mental visual system. Such

a formation may be guided by students’ existing mental visual representation (or

prior knowledge). Interpretation of the relationship between diagrams thus involves
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making associative connections between mental visual representations triggered by

the diagrams. Learning the circulatory system, in other words, involves the capa-

bility in visualizing various diagrams that represent different aspects of the

system. These involve the making of associative connections.

. Making connections between mental visual representation and mental verbal rep-

resentation. Such connections are called referential connections. Giving a verbal

name to a structure or drawing a structure based on its name involves the

making of referential connections. Learning many biological concepts involves ver-

balizing processes and functions based on diagrams that represent structures. For

example, in learning the circulatory system, students would have to describe in

words how blood flows around the body based on diagrams that represent some

key blood vessels and key organs such as the heart, lungs, and kidneys of a

human body.

Learning the Circulatory System

Learning the human circulatory system is very challenging. At the system level,

students would have to appreciate the major functions of the whole system, that is,

to facilitate the transport and exchange of materials. At the organ level, students

would have to relate the structures and functions of individual organs. Meanwhile,

they would have to appreciate how different functions and structures of individual

organs/tissues are orchestrated to serve the system functions.

Chi, De Leeuwa, Chiu, and Lavancher (1994) elaborated the complexity of the

topic. They analysed the system in terms of its constituent components. Each com-

ponent has its specific ‘local’ features: structure (what it is), function (what it

serves), and behaviour (what it does). Figure 1 exemplifies the features of two com-

ponents: arterioles and capillaries. The features are abbreviated as S, F, and B,

respectively, in the succeeding discussion.

Understanding only these two components entails not only relating the features

within a single component, for example, it is the slow movement of blood (B) and

the one-cell thick wall of capillaries (S) that facilitates the exchanges of materials (F),

but also making meaningful linkages across features of these two components. For

Figure 1. Features of capillaries and arterioles (Based on Chi et al., 1994)

Students’ Visualization of Human Circulatory System 139

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
M

an
ito

ba
 L

ib
ra

ri
es

] 
at

 1
5:

42
 1

5 
Fe

br
ua

ry
 2

01
5 



example, capillaries (in terms of their ‘structure’) are sub-branches of arterioles (in

terms of their ‘function’, see Figure 1) (for a similar analysis of a heart atrium and

valves, please refer to Chi et al., 1994, p. 444.). Such analyses of the relationships

between features of components can be extended to other components. For

example, the systemic circulation and the pulmonary circulation have their own struc-

tures, functions, and behaviours. Other than making linkages between features of

single components and across different components, a deep understanding of the

system also involves appreciating how these local features contribute to the overall

system-wise function. Experts could be characterized by having an integrated under-

standing of SBF of a system and its components, whereas novice tended to focus on

structures in isolations (Hmelo-Silver, Marathe, & Liu, 2007). Given the complexity

of the learning, there is little wonder that school students and even prospective

elementary teachers were found to hold a single loop circulation (e.g. blood goes

from the heart to the toe and then returns to the heart, on and on) rather than the

idea of double circulation (Arnaudin & Mintzes, 1985; Pelaez et al., 2005). That is,

the structures and the flow of blood that did not support the functions of the circula-

tory system.

Learning of the circulatory system also demands reading text and reading about a

variety of related diagrams. It has been reported that some students could rely only

on their verbal memory in learning some scientific ideas. While their verbal recall

may be scientifically correct, when they are asked to draw out their verbal explanation,

their drawings were indeed unscientific translations from the verbal recall. That is, stu-

dents memorized the verbal information without making a referential connection to a

mental visual representation that was scientifically acceptable. Such a finding demon-

strates the application of the dual coding theory in investigating students’ visualization

of a scientific idea. For example, in their learning of the electron-sea model and the mal-

leability of metals, some students could recall verbally that the ‘electrons are in the sur-

roundings of metal cations’. These verbal recalls would have been judged scientifically

accurate. Nevertheless, in their drawing, the electrons were enveloping the whole metal

cation lattice rather than surrounding each of the metal cations; there was no electron

between metal cations in the lattice (Cheng & Gilbert, 2014). As learning many phys-

iological processes and functions demands accurate spatiality of structures, it would be

worthwhile to investigate some ways that students translate verbal and visual represen-

tations of structures and behaviours of biological components.

Diagrammatic Representations

A diagram can sometimes be classified as being concrete or being abstract, or some-

where between the two extremes. The concrete–abstract continuum applies to many

photographs and line drawing such as electric circuit diagrams. Nevertheless, a

diagram that includes both concrete and abstract elements may not fit well into the

continuum. Also, concrete diagrams may not necessarily mean easily comprehensible.

A photograph, though being concrete, can be challenging for students’ interpretation

(Pozzer-Ardenghi & Roth, 2005). We believe that some line drawings such as road
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signs or the heart-shape, though being abstract, are often readily comprehensible.

Therefore, the amount of details in a diagram at times does not explain well its ease

of comprehension. There have been other ways of categorizing diagrams (e.g.

Bertin, 2011; Lohse, Biolsi, Walker, & Rueter, 1994). It is important to identify a

scheme that could be revealing to students’ visualization of diagrams that were used

in the context of teaching and learning of the biological topic investigated in this study.

Hegarty (2011) proposed that there are two ways that diagrams represent, namely,

through the use of spatial isomorphism and representational conventions (also in

Hegarty et al., 1991). Spatial isomorphism means that the structural and spatial

relationship of the elements in a diagram resembles their referents. For example,

the photograph of a biological specimen is highly isomorphic with its referent. The

feature of spatial isomorphism in diagrams shed light on how diagrams facilitate

our thinking. There have been a number of studies explaining the functional roles

that diagrams serve in facilitating our cognitive processing (e.g. Cheng, 1996;

Hegarty, 2004; Scaife & Rogers, 1996). They were all based on the idea that diagrams

are superior to verbal text, because diagrammatic representations make the search and

recognition of elements much easier (Larkin & Simon, 1987). Such superiority is

endowed by the nature of the way diagrams represent their referents, that is, by

Figure 2. A system diagram

(Source: Chan, Chu, & Kwong, 2006, p. 184)
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‘[preserving] explicitly the information about the topological and geometric relations

among the components’ (p. 66). This is the explicitness of information arranged

spatially that renders information search and recognition effective.

Take a textbook diagram that represents some of the gross structures of the human

circulatory system (Figure 2) as an example (it will be called ‘system diagram’ in this

paper thereafter); it shows very explicitly the spatial location and the gross appearance

of the heart, lungs and some blood vessels that go to the upper and lower part of the

body. It also shows blood vessels that connect the kidneys. This diagram preserves the

spatial relationship between organs in a way very similar to that of the human body. It

is believed that the same information could (if at all) only be represented by extremely

lengthy sentential text description. In that sense, the diagram is more effective than a

piece of would-be verbal text in representing the equivalent piece of information, that

is, the gross appearance and spatial relationship of the lungs, hearts, blood vessels and

the blood flow.

Diagrams also represent their referents through the use of conventions, such as

colours, symbols, icons, or notations. They are embedded in diagrams such that

dynamic, non-structural features or processes (or behaviours) could be represented.

For example, blood vessels that carry oxygenated blood are conventionally

represented by red; those carry deoxygenated blood are conventionally in blue (as

in Figure 2). In other contexts, a ‘magnifying glass’ as an icon can be used to link

up macro and submicro phenomena, a complicated structure can be reduced to a

simple or geometric shape, etc.

The use of conventions and spatial isomorphism is evident in many biological

diagrams. For example, Figure 3 represents the blood flow in different types of

blood vessels and an organ. The flow of blood through the artery and the vein is

represented by arrows, that is, as a convention. Yet, the blood flow from the artery

to the vein and the organ in which capillaries embedded are not represented. The

Figure 3. A diagram representing blood flow in different types of blood vessels

(Chan et al., 2006, p. 172)
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relative lumen size of the artery, the vein, and the capillaries are represented by spatial

isomorphism, that is, the lumen size of the vein is larger than that of the artery.

It would have been a challenge to put diagrams like Figures 2 and 3 into single

points in a concrete–abstract continuum—some of their elements are concrete

while some are more abstract. Interpretation of the diagrams would be fruitful only

if readers are able to identify which elements in the diagrams are spatially isomorphic

to the referents and which are conventions (so that irrelevant spatial information can

be ignored).

Demands and Potential Challenges in Visualizing Diagrams

Students would come across many diagrams that represent different aspects of the cir-

culatory system during their learning. We argue that learning of the system demands

an integrated understanding of different relevant diagrams (Ainsworth, 2008; Won,

Yoon, & Treagust, 2014). It is expected that students should not only be able to visu-

alize the blood flow as represented in Figure 3 but also to identify the structure and

spatial location of blood vessels and organs in Figure 2. In this way, the blood flow

diagram (Figure 3) helps students to construct deeper understanding based on the

gross structure in Figure 2 (Ainsworth, 2008). Students should also be able to associ-

ate the diagrams mentally such that they can visualize how the generalized blood flow

(represented in Figure 3) occurred specifically in the human body (represented in

Figure 2).

We envisaged that there were at least two challenges students would face when

interpreting the blood flow diagram (Figure 3): (a) The diagram represents a gener-

alized idea about the direction of blood flow. It did not necessarily mean in a particular

pair of veins/arteries in human bodies. Readers would have to identify the conventions

(i.e. arrows, colour of blood vessels) that represented the blood flow in different blood

vessels and also have to apply such a generalized idea of blood flow in reading other

diagrams representing the circulatory system, for example, Figure 2. The parallel

artery and vein, however, do not necessarily represent the exact spatial arrangement

of arteries and veins in the human body. It is postulated that some students might

take the spatial features literally. It would lead to a visualization of the body or

blood flow that was alternative to that accepted by canonical science. Indeed, it has

been reported that students could interpret the shape of a curve in a graph (which rep-

resents through adopting conventions) as being the shape of a hill. In that sense, they

were relying on spatial features of a convention, for example, upward and downward

lines, when interpreting a curve (diSessa, Hammer, Sherin, & Kolpakowski, 1991).

(b) The caption was not specific in guiding readers to read the diagram intended by

the diagram designers. The word ‘relationship’ could refer to a structural relationship

only (i.e. to the relative size of different blood vessels and how they are connected) or

the sequence in which blood flows through them (the behaviour). Without specific gui-

dance, it would leave readers to interpret the diagram as they saw fit. It would thus be

worthwhile to investigate how students might possibly associate the caption with the

diagram.
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In view of the above discussion that an understanding the human circulatory system

involves the capability to visualize various diagrams representing the system and that

diagrams represent through spatial isomorphism and by the use of conventions, this

study thus sought to answer the following question:

How do students associate a diagram that is highly spatial isomorphic in representing the

gross structure of human body (Figure 2) and a diagram that heavily uses conventions in

representing blood flow in the circulatory system (Figure 3)?

An answer to the question is significant not only in leading to an understanding of stu-

dents’ interpretation of diagrams on the topic of human circulation, but also to some

general issues about students’ reading of diagrams when they learn science.

Research into Students’ Interaction with Diagrams—Different

Approaches, Same Goal

There are two major approaches to develop an understanding of how students interact

with diagrams. One approach, which is based more on cognitive processing, investi-

gates how individual students interpret diagrams (e.g. Cook, Carter, & Wiebe,

2007; Novick & Catley, 2014; Schönborn & Anderson, 2009; Viennot & Kaminski,

2006). As diagrams are often accompanied by text, extensive research in psychology

has been conducted to investigate how students comprehend text and diagrams

(Mayer, 2009; Schnotz, 2005). This line of research has been shown to be essential

to inform the design of diagrams, and strategies for teaching and learning with

diagrams (see also Hegarty, 2011). Another approach adopts a sociocultural stance

and focuses on the meaning-making processes when readers interact with diagrams.

Based on Peircian semiotics, these processes involve the inter-relationship between

diagrams, their referent objects and ideas generated from the diagrams and/or

objects. It acknowledges that meanings are not embedded in diagrams but are actively

created by readers. These ideas have informed development of classroom practice that

facilitated students’ learning by involving students in interacting with physical

phenomena and constructing, defending, and interpreting diagrams and various

kinds of representations (Tytler, Prain, Hubber, & Waldrip, 2013).

These two approaches adopted different unit of analysis and are complementary to

advancing our knowledge of learning with diagrams (Taber, 2014). The sociocultural

approach has been shown to be very fruitful in understanding how a group of learners

was facilitated in a community of practice, for example, in the contexts of learning in

laboratory inquiry and in classroom teaching. We agree that students do actively con-

struct meaning when they read texts and diagrams. We believe, as far as teaching

materials are concerned, it is important that they have a clear and distinctive intended

message (rather than being too open for different interpretations that are deviant from

the scientific meaning intended by authors). One way of ensuring quality teaching and

learning is to scrutinize how diagrams used in teaching materials might have facili-

tated, or hampered, learning. Thus, it is essential to develop a better understanding

of how individual students interpret diagrams, so that suitable teaching strategies
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can be developed to cater for students’ need. For example, Waldrip and Prain (2013)

emphasized that during the planning phase, among other tasks, teachers would have

to identify key scientific concepts, and forms and functions of representations they

would use to engage learners. It is anticipated that, through an in-depth study of

the possible cognition of individual students, the results would inform teachers and

researchers how students might go about reading and associating diagrams that rep-

resented complicated ideas, which is a step forward to delineating challenges students

might face in learning from multiple diagrams as a form of representation.

Methodology

Case study was adopted in this study so as to gain an in-depth understanding of stu-

dents’ interpretation of diagrams. Three Grade 10 students, who represented high,

medium, and low achievement in biology from a typical secondary school in Hong

Kong, were interviewed within a week after they had been taught the topic human cir-

culatory system. The first author attended the lessons when the students learnt the

topic. This checked and ensured that the topic was covered and that the diagrams

used in the interviews were discussed in the lessons. During the interviews, students’

mental visualization was probed into through their oral responses, reading of dia-

grams, and drawing. The interview protocol was developed based on dual coding

theory such that students’ mental verbal representations, visual representations as

well as the connections between different mental representations could be probed

into. In general, each student was asked the followings:

(1) Trace the route of blood from the right atrium to the fingertip and back to the

heart.

This study did not intend to reiterate what has been reported in the literature

about students’ understanding of blood circulation. Students’ response to this

question (through their own drawing) would be compared to how they inter-

preted diagrams representing double circulation. It is expected that through

such a comparison, the way that students visualized blood flow in the human

body would be interpreted.

(2) Explain what they saw in Figure 2.1 Specifically, each student was asked ‘what do

you see in this diagram?’ and ‘what do you think this diagram wants to tell you?’.

Also, they were asked how they interpreted in parts of the diagram where there

was void of blood vessels (e.g. at the top of the head). The question is not

trivial because it relates to how students interpret those that are not represented

in the diagram. Also, an understanding of how arteries and veins are connected

(through arterioles, capillaries in body organs and venules) is essential in the

understanding of the functioning of the human circulatory system. This task

probed into the way students visualized elements that were not represented in a

diagram and how vessels were connected in a human body.

(3) Explain what they saw in Figure 3. It probed students’ visualization of the

relationship between blood vessels.
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(4) Explain the relationship between Figure 2, Figure 3 and his/her drawing. This

probed into student’s visualization of the circulatory system as an integrated

system. The student was asked, ‘what do you think are the relationships

between Figure 2 and Figure 3?’ Specifically, the student was asked to indicate

in Figure 2 the vessels as represented in the blood flow diagram (Figure 3).

Although the blood flow diagram represented the muscular wall thickness of the

artery, vein and capillaries through spatial isomorphism, the way the vessels are

arranged spatially in the diagram did not specifically refer to a particular part of

the body. Also, the label ‘an organ’ is a general (or abstract) concept. In other

words, the diagram used conventions, particularly arrows to represent blood

flow. Where appropriate, the students were asked to draw out and explain their

ideas about the relationships between the diagrams presented to them.

The interview protocol was developed based on dual coding theory. Students were

asked not only to explain verbally or to draw out what they thought. They were

asked to explain their drawing as they drew diagrams. It would allow us to probe

into their mental verbal representations, mental visual representations and the refer-

ential connection between them. Also, they were asked not only to interpret individual

textbook diagrams that they came across in their classroom learning, they were asked

to point out relationships between relevant diagrams. Where appropriate, they were

asked to draw diagrams to represent their association of different diagrams. It

allowed us to probe into their mental visual representations and the associative con-

nections across different diagrams. In this study, students’ reading of diagrams and

their drawing played a significant role in probing into students’ visualization. Such

a strategy has been shown to reveal students’ understanding of ideas that were other-

wise very difficult to tap into (Cheng & Gilbert, 2014). In short, especially as far as

representing spatial information is concerned, a word or a string of words is a

general description, a diagram concretizes such a description. In this study, we

expected that drawing could reveal students’ visualization of ideas that entailed

spatial exactness.

During the interviews, we set up a camera directly above the bench where the inter-

views were conducted. The setting captured students’ pointing of diagrams and their

drawing process. The interview videos were then transcribed multimodally (Erickson,

2006). That is, the transcript included both verbal transcript and its corresponding

screen shots. An oval or some arrows were added to the screen shots to represent

the area under discussion or the gesture a student made over a diagram. Moreover,

scans of all students’ drawings were included in the transcript to enhance readability.

The biology teacher selected one female (Cyrus) and two male students (Colin and

Calvin—all pseudonyms) for the interviews. They represented the low-, middle-, and

high-achievement students respectively. Each of the interviews lasted from 25 to 30

minutes. The next section presents data and their interpretation. Through their

spoken response and their drawing, we interpreted how they might visualize

(i) spatial isomorphic features and conventions of diagrams, and (ii) the structures

and behaviours of biological components in achieving their functions.

146 M. M. W. Cheng and J. K. Gilbert

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
M

an
ito

ba
 L

ib
ra

ri
es

] 
at

 1
5:

42
 1

5 
Fe

br
ua

ry
 2

01
5 



Results and Interpretation: Cyrus

Focusing on Structural Features

The student responded as follows about her understanding of the diagram (Figure

Block A):

Cyrus focused only on structural components and composition of the diagrams.

These features were represented by the use of spatial isomorphism in the diagram.

That is, the arterial wall is thicker than the venous wall. Although the student was

able to recognize the convention (represented by different colours) that represented

oxygenated and deoxygenated blood, the convention of blood flow (represented by

arrows) was not mentioned. The deeper meaning of the diagram in representing

the blood flow in the human body was not mentioned.

Cyrus’ responses in another task may further support the above interpretation that

she did not visualize the blood flow in the diagram. In the discussion of the relation-

ships between the blood flow diagram and the system diagram, she indicated, ‘yes, but

the capillaries (same pointing as in Figure 6) may not be so clearly shown’. She elabo-

rated the two diagrams as follows (Figure Block B):

Figure Block A. Cyrus’ reading of the blood flow diagram

Figure Block B. Cyrus’ association of the blood flow diagram and the system diagram
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In her responses, Cyrus associated the artery and the vein in Figure 7 with an artery

in the arm of Figure 8 and the two veins in Figure 9 respectively. While the mapping

was accurate, she seemed to be tracing the structures (arteries and veins) rather than

then flow of blood (the behaviour). Such an interpretation can be supported by her

tracing of veins in Figure 9 from the heart to the fingertips. The direction was opposite

the blood flow from the veins to the heart in human body and that represented in the

blood flow diagram. It is likely the student did not visualize the message in the blood

flow diagram that the blood went from the artery to the capillaries, then to the veins

and finally back to the heart. Cyrus likely only visualized the structural features of the

diagram. The same focus was evident when she interpreted both the blood flow

diagram and the system diagram. The blood flow (behaviour) was not visualized.

Results and Interpretation: Colin

Visualizing Structures and Behaviours

Colin, the medium-achieving student, responded as follows when he was asked his

interpretation of the diagram (Figure Block C):

Colin started by naming the structures of the diagram. He also seemed to have visu-

alized the process through which the blood went from the heart via different types of

blood vessels and back to the heart (behaviour), and a function of the capillaries, that is,

to ‘supply oxygen to the organs’.

It may be argued that the annotations and arrows in the diagram have provided all

the hints required for students’ reading. We believe that although there were arrows

indicating the direction of blood flow in the artery and the vein, there was no arrow

indicating that the arterial blood branched out and went to the arteriole, etc. It was

Colin who filled in the missing arrows, that is, the blood went from the artery, to

the arteriole (Figure 11), capillaries/organs, venule, and then to the vein. Therefore,

he did not merely verbalize what was shown in the diagram. He likely associated his

own mental visual or verbal representations of blood flow with the diagram in a scien-

tific sense.

Figure Block C. Colin’ reading of the blood flow diagram
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Applying Spatial Features on Conventions

Colin was able to visualize the generalized idea of blood flow in different blood vessels

that was not attached to a particular part of the human body. When he was asked the

relationship between the blood flow diagram and the system diagram (which were put

side by side in front of him), he drew a circle in the system diagram and explained the

following (Figure Block D):

By his circling and the oral response, it seems that Colin associated the two dia-

grams by means of their structural features, namely the parallel running artery and

vein in both diagrams. Although he mentioned kidneys and liver, and that ‘capillaries

can go to the organs’, he did not address how the blood flowed from an artery to an

organ and then to a vein. Also, it is worth noting that his circling did not include any

organs. Therefore, the way he might visualize the blood flow across different blood

vessels and body organs in the system diagram was not certain. Nevertheless,

Colin’ subsequent drawing might be revealing (Figure Block E):

The drawing possessed an artery, an arteriole (not spoken in the interview), capil-

laries, the kidney, and a vein. The spatial orientation of the blood flow diagram and his

drawing was identical. That is, the blood went into the organ from the right-hand side

and went out of the organ in the left-hand side. Different conventions could have been

employed to represent the direction of the blood flow, such as from left to right, which

is the orientation when writing. It might also be the same as that in the human body, in

Figure Block D. Colin’ association of the blood flow diagram and the system diagram

Figure Block E. Colin’ drawing of relationship between blood vessels and the kidney
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which renal arteries and veins bring blood to and away from the kidney at the same

side of the organ. Therefore, it is likely that the drawing was based on the blood

flow diagram.

An intriguing observation from Colin’s drawing is that instead of having capillaries

embedded in the organ, he might have visualized that the capillaries went into the

organ from the outside, and then the blood went out of the organ to capillaries. The

focus here is not the student’s ‘misconceptions’2 or that the student did not grasp

the spatial location of capillaries, but to suggest how Colin might have interpreted

the relationship between the system diagram and the blood flow diagram, and how

he came up with this drawing.

It is likely that he added spatial isomorphic features (i.e. a kidney) to the blood flow

diagram that represented blood flow through conventions. The process of his drawing

and his explanation (Figure Block E) was a transformation of the blood flow diagram

into his own drawing. The main difference between the diagram and his drawing was

that while the diagram used conventions heavily and was a generalized representation,

the student seemed to make his drawing a specific instance of blood flow into and

away from the kidney. His drawing had a higher spatial isomorphism, evident in the

drawing of the kidney. In other words, he might have interpreted the high-convention

blood flow diagram as if it was spatially isomorphic to the human body. The system

diagram was interpreted in the light of the blood flow diagram. The process is rep-

resented in Figure 17.

Colin’s drawing revealed his visualization of the spatial relationship between the

structure of capillaries and a body organ. By merely referring to his oral interpretation

of the blood flow diagram in Figure Block C, as the student stated, ‘the capillaries go

to other organs’, this could seem unproblematic. However, when the same verbal rep-

resentation is mapped into his drawing (Figure 16), the verbal phrase could have

meant two things:

(a) The capillaries were outside the organ. Hence, the blood went to the capillaries

from the arteriole, and then to the organ.

Figure 17. Colin’s association of the blood flow diagram and the system diagram
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(b) The capillaries were embedded inside the organ. The blood went to the capil-

laries, hence, the organs.

Only (b) is the accepted scientific idea, whereas (a) is inaccurate in terms of the spatial

relationship between the structure of capillaries and the organ. More importantly,

(a) violates the function of capillaries, which is to facilitate exchanges of materials

between the blood and body organs. Although the two meanings are rather different,

both can be encapsulated in the statement ‘[the] capillaries go to other organs’. The

way Colin mentally visualized the relationship between an organ and capillaries could

not have been revealed if he had not been asked to draw his idea.

Colin seemed to have visualized the blood flow (behaviour) in the blood flow

diagram when it was stand-alone, and had verbalized the functional aspect of the

blood flow. Nevertheless, the making of associative connections between the blood

flow diagram and the system diagram (with a high spatial isomorphism) was challen-

ging. Although he could verbally state the functions and the behaviours of blood circu-

lation, these functions and behaviours were not supported by his mental visual

representation of the structural connection of blood vessels and the kidney. The case

study demonstrated a way Colin associated diagrams. He seemed to have identified

similar structural features of the two diagrams (i.e. the parallel artery/vein pair) to

start with. Some spatial isomorphic features (i.e. a kidney in the system diagram)

were added to the blood flow diagram despite the fact that the parallel running of

an artery and a vein was not necessarily spatial isomorphic to the human body.

Results and Interpretation: Calvin

Mapping Spatial Features of Diagrams

In various parts of the interview, Calvin has demonstrated his capability in visualizing

the double circulatory system. He was able to respond orally and by drawing how

blood circulated in the pulmonary and systemic circulations. For example, his

interpretation of the blood flow diagram was as follows:

. . . how blood flows from artery to vein . . . That is, from the artery, through the arteriole,

to the capillaries, return to venule, to the vein, then back to the heart.

The data showed that Calvin did not focus on the spatial features of the diagram only

(such as the thickness of the artery and vein walls). He visualized the structures in

relation to the behaviour, that is, the flow of blood from the artery to the vein and

back to the heart. As discussed earlier, the diagram did not provide all the information

that was required for the visualization of the blood flow. It is likely that Calvin was able

to visualize the blood flow in the diagram.

When Calvin was asked the relationship between the blood flow diagram and the

system diagram, he circled a pair, an artery and a vein, in the right leg, and explained

the followings (Figure Block F):
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In other words, although he was able to visualize the blood flow when the blood flow

diagram was stand-alone, he seemed to have used its spatial feature, that is, the

parallel artery, and vein as a lens to visualize the system diagram.

The purpose of this study was to identify some ways that students might possibly associ-

ate diagrams during their learning, rather than to report students’ misconceptions. In

another episode of the interview, Calvin indeed demonstrated his visualization of blood

flow from the system diagram. After he pointed out that the red vessels represented arteries

and the blue vessels represented veins (in Figure Block G), the interaction was as follows:

This interview excerpt demonstrated that Calvin was able to visualize the blood

flow from the arteries to brain, via capillaries, back to the veins and then the heart.

The associative connection between the diagram and his mental representation of

the relationship between different types of blood vessels was scientific. In the area

where there were no arteries or veins, he was capable of ‘filling in’ the empty space

with capillaries. In addition, he did not only visualize the structure (i.e. blood

vessels) and the pathway (i.e. the behaviour of the blood flow), but he also related

them to their function (‘used by the cells . . . the nutrients are used up . . . ’); that is,

the blood transported nutrients to the cells where the capillaries passed through.

The above discussion aimed to provide evidence that Calvin could visualize scien-

tifically the blood flow represented in the system diagram. It suggests that his

responses as reported in Figure Block F should not be taken as merely a misinterpre-

tation of the system diagram. Rather, it revealed a way that the student might have

associated diagrams. That is, spatial isomorphic components of diagrams, rather

than meaning embedded in conventions, were taken as features for the mapping. In

this case, the parallel running of an artery and a vein in the blood flow diagram was

mapped to the artery and the vein in the system diagram.

Figure Block F. Calvin’s drawing of relationship between blood vessels and the kidney

Figure Block G. Calvin’s reading of blood flow in the system diagram
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Discussion

This paper presented data of three interviews. The data collection was guided by dual

coding theory, which emphasizes the role of connections between verbal–visual rep-

resentations and visual–visual representations. Making these connections is essential

in learning science. The data presented here focused on some ways that the students

mentally visualized diagrams and how they associated different diagrams that rep-

resented various aspects of the human circulatory system. Spatial isomorphism and

the use of conventions relate diagrams to their referents. This idea was not only useful

in shedding light on the nature of diagrammatic representations; it also helped us to con-

ceptualize some ways that the students interpreted diagrams. In this section, we discuss

generally the data drawn from the three cases regarding students’ visualization of the

blood flow diagram and their association of the diagram with the system diagram.

Reading the Spatial Isomorphic Features vs. the Conventions

Calvin and Colin visualized the blood flow across different blood vessels in Figure 3. It

was consistent with the conventions used in the diagram, in which some arrows were

attached to the artery and the vein. The diagram/arrows did not represent the com-

plete route of the blood flow. For example, the way the blood went from the artery

to the vein was not represented. It was only through the readers’ interpretation,

which was based on their existing mental representations of blood flow, that such a

route could be visualized. Therefore, their visualization could not be rote reading

from the diagram. Calvin and Colin did visualize the blood flow (as behaviour)

embedded in the diagram, which used the convention in representing the blood

flow. They were able to suggest some functions of the system.

Instead of using the convention to guide her reading, Cyrus focused on the spatial

isomorphic features of the diagram, namely the vascular wall of the artery being

thicker than that of the vein. She only visualized the structural features. Meanwhile,

the blood flow across different vessels (behaviour) and the functional significance of

the differential thickness were not touched upon. Her pointing to blood vessels in the

system diagram gave support to the interpretation that her visualization of blood flow

(behaviour) in different blood vessels was an issue.

A comparison of the data of the three students revealed an important issue about stu-

dents’ visualization of the diagram that represented through conventions. While some

students could identify messages represented through conventions, some students—

possibly those regarded as low achieving in biology—could focus on only the spatial fea-

turesor structural components. Although the reading of the spatial/structuralcomponents

could be accurate, it could miss the idea of blood flow (behaviour) as an important

message of the diagram. The findings were in general consistent with earlier studies

(Hmelo-Silver et al., 2007). Calvin, the highest achiever, demonstrated an integrated

understanding of the SBF of the system. Cyrus, the lowest achiever, visualized only

the structures. While Colin referred to the SBF of the system, it was questionable if his

mental visual representation of the structures could support functions of the system.
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Reading the Verbal Caption

The title of the blood flow diagram stated ‘Relationship between the different types of

blood vessel’. Such a verbal statement might have led to multiple interpretations by the

students. In terms of a structural relationship, the caption might be taken as a compari-

son of the thickness of the wall of different vessels. It was represented by the cross-sec-

tional view of the artery and the vein, and by spatial isomorphism. In terms of blood

flow (behaviour), the caption could mean the sequence through which the blood

flows through different types of blood vessels. Calvin and Colin might have related

the verbal caption to the blood flow (represented by convention); Cyrus might have

related to the different thicknesses of the blood vessels (represented by their spatial iso-

morphic features in the diagram). We argue that all three students were indeed accu-

rate in associating the diagram and its caption—only that the linkages were different.

The issues at stake are not only about multiple interpretations of a diagram, but also

multiple accurate linkages of the caption and the diagram. Students focusing on the

spatial features and structural components of the diagram could lead to one interpret-

ation; those focusing on the convention and the blood flow (behaviour) could lead to a

deeper interpretation.

Relating the Blood Flow Diagram and the System Diagram

Given the differences in ways the students interpreted the blood flow diagram,

perhaps not surprisingly, their ways of associating the diagram with the system

diagram were also different.

With a focus on the spatial features of the blood vessels in the blood flow diagram,

Cyrus referred to the arteries and veins and commented on the absence of capillaries

in the system diagram. She made no reference to the blood flow in the gross structure.

It was consistent with her visualization of the blood flow diagram. In short, in her visu-

alization of the two diagrams, spatial isomorphic features were the main focus, which

resulted in her discussion of the structures, but not the functions or behaviours of the bio-

logical structures.

Although Colin visualized the process of the blood flow represented by conventions

in the blood flow diagram, he quite strictly applied its spatial features, namely the ver-

tical and parallel running of the artery–vein pair and the capillaries perpendicular to

the artery–vein pair, in his interpretation of the system diagram. An organ was added

to the space between the capillaries in his drawing (Figure 17). This supports our

interpretation that he might have taken the spatial features of the blood flow

diagram literally. Another important issue was his visual representation of his verbal

statement ‘the capillaries go to other organs’. Although the verbal statement did not

seem to be problematic, further probing by drawing revealed that the capillaries

went into the kidney from the outside of the organ. The finding suggested that

Colin’s mental visual representation of the structural relationship of capillaries and

kidneys might have been mediated by his verbal recall of the sequence ‘artery, arter-

ioles, capillaries, organs, venules, vein’. That is, Colin might have formed the mental
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visual representation based on his verbal recall of the above sequence through a refer-

ential connection across the mental verbal and visual systems. The drawing suggested

that his mental visual representation of the structural relationship between capillaries

and the kidney, and the blood flow between them, did not support a scientific under-

standing of the functional adaptation of capillaries. The interpretation of such exces-

sive reliance on verbal recall is consistent with an earlier study which suggested that

some students might have relied on recall in their verbal system when they learnt

the structure of metals and the model that used to explain the malleability of metals

(Cheng & Gilbert, 2014). Also, the finding reiterates the importance of probing stu-

dents’ ideas through a combination of oral interviews and their own drawing. It is

especially important when the students’ idea under investigation involves spatial

relationship or structures.

In some ways, Calvin’s association of the two diagrams was similar to that of Colin.

Although he visualized the blood flow (behaviour) represented by conventions, Calvin

used the spatial features of the blood flow diagram, that is, the parallel running of the

artery and the vein (structures), when he mapped the two diagrams. This was sup-

ported by his circling of the system diagram and his verbal responses of the relation-

ship between diagrams. In the mapping, the blood flow (behaviour) that he addressed

in the interpretation of the blood flow diagram was no longer addressed. His focus was

on the spatial and structural features of the blood vessels in the system diagram, that is,

the parallel running of an artery and a vein.

Based on the data, it is argued that structural features represented by spatial iso-

morphism played a significant role in the students’ reading of a diagram even if con-

ventions were used to represent ideas. The spatial features were so important that

Cyrus focused mainly on them. Colin and Calvin could visualize the idea of blood

flow carried by conventions; however, they applied spatial features of the blood

flow diagram when they tried to link it to the system diagram. It is likely that students

in general might tend to use spatial features in mapping the diagrams irrespective of

their representation through convention usage or spatial isomorphism. The finding

is consistent with the literature on students’ interpretation of graphs, that is, they

could map spatial features of a curve to the real world without considering the conven-

tion of graphs in representing the physical world (Leinhardt, Zaslavsky, & Stein, 1990;

Sharma, 2006; Testa, Monroy, & Sassi, 2002). This study extends their findings by

highlighting the role of spatial features played in students’ interpretation and associ-

ation of diagrams. Even students could visualize the deeper meanings of a diagram

represented by conventions. When they were asked to develop associative connections

between different diagrams, they may revert to the reliance of structural or spatial fea-

tures in their mapping.

It has been suggested that symbolism being a hurdle for students’ interpretation of

diagrams, and that students might tend to focus on ‘superficial features’ in their

reading of diagrams (Anderson, Schönborn, du Plessis, Gupthar, & Hull, 2013).

The finding of this study is consistent with earlier studies, in the sense that symbolism

can be regarded as the use of ‘conventions’ in representations. This study specifies

that reading of superficial features can be taken as students’ literal interpretation of
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spatial features of components of a diagram, irrespective of whether the components

represent through spatial isomorphism or convention. In other words, in some cases,

misinterpretation of a diagram because of students’ reading of its superficial features

can be regarded as students assigning spatial isomorphism to components of a

diagram that indeed represent through conventions.

Conclusions and Implications for Teaching and Learning

This study extends what has been reported in the literature about students’ under-

standing of the human circulatory system (Arnaudin & Mintzes, 1985; Assaraf

et al., 2013; Pelaez et al., 2005). Existing studies reported students’ conceptions of

the human double circulation. This study delved into some ways that students visual-

ized diagrams, which revealed how they might have visualized the structural relation-

ship between blood vessels and other body organs, and the blood flow across them.

This study investigated some ways that students visualized and associated diagrams

that represented aspects of the human circulation system. Broadly speaking, students

seemed to have relied on structural features that represented through spatial iso-

morphism in associating diagrams. We observed differences across students with

different academic achievement. It was found that the lowest achieving student

Cyrus focused on structural features of the blood flow diagram. She did not seem

to visualize the blood flow that was represented through conventions. The medium-

achieving student Colin visualized the structural features and the process of blood

flow, and was able to name the function of such a blood flow. Nevertheless, he

applied the spatial feature of the blood flow diagram strictly when he visualized the

system diagram. It was also found that, although his oral recall of blood flow to

organs might seem scientific, his drawing revealed that his mental visual represen-

tation of the spatial relationship between capillaries and organs was not scientific.

The student might have relied on his verbal system in recalling the structure and

blood flow, which resulted in a referential connection that led to a scientifically inac-

curate mental visual representation and hence drawing. Calvin, the highest achieving

student, demonstrated that he was able to visualize the blood flow in the blood flow

diagram and the system diagram. When he was asked to map the two diagrams, he

seemed to have relied on spatial features only.

This paper further supports the role of dual coding theory in enhancing our knowl-

edge of some ways that students learn science. Drawing on the nature of diagrammatic

representations, namely through the use of conventions and spatial isomorphism, this

paper contributes to our knowledge of how students associate different diagrams in

their learning. As students learn scientific concepts through multiple diagrams, it is

imperative that the ways they deal with them are ascertained.

Implications for Teaching and Learning

Being able to visualize the structure of body organs where capillaries are embedded

is important not only in the circulatory system. It is also important for the learning
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of other biological concepts that involve an exchange of materials between blood in

capillaries and tissue fluid between cells, for example, the renal system, respiratory

system, and lymphatic system. We are concerned that students who do not visualize

the structural relationship between capillaries and body organ or who focus on the

structural aspects of diagrams, as indicated by the data of Colin and Cyrus respect-

ively, would have big challenges in learning concepts associated with the exchange

of materials in other body systems. In the light of the findings of this study, we

would like to suggest the followings in relation to teaching and learning with

diagrams:

On the Design of Diagrams

It is important to have a verbal caption to the diagram (Pozzer & Roth, 2003; Pozzer-

Ardenghi & Roth, 2005). We believe that merely having a caption that describes the

diagram is not sufficient. More specifically, the caption should describe explicitly

what is intended for readers. The caption ‘relationship between the different types

of blood vessel’ might have been so unspecific that it would leave readers for open

interpretations. In this connection, a consideration of the SBF features that the

diagram aims to represent might be a useful guide. The blood flow diagram was visu-

alized as merely a structural representation; yet, it actually also represented the behav-

iour of blood flow (or blood flow as a process) in different blood vessels and organs.

Given the difficulties students might face in their learning from structure to process

(Chi, 2008), it is important that diagram designers or textbook authors would

make it explicit that the diagram aims to represent such a process. We envisage that

the caption ‘blood flow in different blood vessels’ might better reflect the diagram-

matic representation and facilitate students in constructing a deeper understanding

of the diagram (Ainsworth, 2008).

Arrows have been known to help communicating dynamic processes, and students

have been found to be able to use arrows to represent dynamic process in their draw-

ings (Akaygun & Jones, 2014; Heiser & Tversky, 2006). In order to make the

dynamic process of blood flow (or as a behaviour) more explicit, it is suggested

that the diagram may include arrows pointing from the artery to the arteriole and

from the venule to the vein. Although Calvin and Colin were able to visualize the

blood flow even when some arrows were missing, it is likely that such an explicit

symbol can guide students like Cyrus who might not have visualized the process/

behaviour of blood flow.

On Teaching with Diagrams

This study revealed that students’ mental visual representations of structural relation-

ship between blood vessels and body organs could be unscientific irrespective of the

seemingly accurate verbal description. It lends support to the role that multiple rep-

resentations—the verbal mode and the visual mode as argued in this study—should

play in teaching and learning (Treagust & Tsui, 2013). Dual coding theory suggests
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that information processing is more efficient when both the mental verbal and visual

systems are made use of. We agree with Roth and Pozzer-Ardenghi (2013) that stu-

dents have to learn to read diagrams through social interactions. An implication of

dual coding theory is that verbalizing diagrams and concretizing general verbal state-

ments by drawing would facilitate learning (Paivio, 2007). In this connection, tea-

chers could create opportunities for students to verbalize their ideas both on a

given diagram(s). Students could be engaged in classroom talk of their interpretation

of diagrams, such as the blood flow diagram and/or the system diagram. Similarly,

where appropriate, students should be encouraged to use drawing to represent their

understanding of scientific ideas (Tytler et al., 2013), such as how the circulatory

system facilitates the exchange of materials in organs such as the kidneys. The

drawing could form the basis through which teachers assess students’ understanding.

Nevertheless, little is reported in the literature about how teachers should best utilize

textbook diagrams in their classroom teaching. More research studies should be con-

ducted to inform science teachers what good practice should be like in this area (Liu

et al., 2014).

In biology textbooks, diagrams are used to support the representations of ideas.

There is little evidence that teachers help students to understand diagrams, that is

to say, to help students to develop an integrated understanding based on different dia-

grams (Eilam, 2012). This study reveals that students might have relied on similarities

of spatial features in associating diagrams. In this connection, students should be

facilitated to understand relationship between different diagrams, and how different

diagrams would contribute to an integrated idea of a biological system. It is suggested

that science education researchers could explore how best to support students’ learn-

ing with diagrams in classroom environments.

On Teaching about Diagrams

A diagram can be taken as a representation of its referent. It is thus analogical in nature. A

diagram represents its referent is by spatial isomorphism and by convention. It seems that,

as this studyshows,mappingof spatial isomorphic featuresof adiagramwith their referents

(e.g. an artery with a thicker vascular wall) is less problematic. Problems might arise when

readers of a diagram focus on the spatial features of a convention and ignore the deeper

meaning represented by the convention. Results of other studies on students’ (mis)under-

standing of diagrams also revealed that some students might have taken the spatial features

of conventions literally. Thus, it may be worthwhile for teachers to discuss with students

some features of diagrammatic representations. When teaching about diagrams, teachers

may discuss the parts of a diagram that resemble its referents, the parts of a diagram that

should not be taken as resembling its referents, and the meaning carried by those parts.

Specifically, in the teaching of the blood flow diagram, teachers might like to help students

to understand that the parallel running of the artery and the vein does not necessarily repli-

cate the way the vessels locate in human bodies (but merely as a way to represent the blood

flow more clearly). Also, students should learn how the ideas represented in the diagram

associate with the blood flow in human body or body organs.
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Notes

1. In Hong Kong, some schools use Chinese language as the medium of instruction; other schools

use English. Therefore, there are two versions of the same set of textbooks in the market. Their

contents are equivalent; only that, one is in Chinese language, and the other is in English. This

diagram was obtained from the English version of the textbook that students used. The first

author has checked that the annotations and the captions to the diagrams in both Chinese

and English versions have equivalent meanings.

2. Biologically, the function of capillaries is to facilitate exchanges of materials. Based on the

drawing, the student seemed to have missed an important structural–functional relationship

of capillaries. However, the discussion here will not go into the ‘misconception’ the student

might have.
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