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Abstract examples of graph usage are demonstrated in the
M . . . Publication Manual of the American Psychological
any previous studies of graph comprehension have .

confirmed that information gleaned from a graphgisatly ASSOCIa'[I.OI’] (2001). . . .
influenced by its representation. When explainiagadvith a Experimental studies of graph comprehension coefirm
graph, writers/researchers must generate graphssevho that the information from a graph is greatly infiged by its
representation is consistent with the explanationtents. In representation. Graphs can be represented in waftoms.

the current study, we defined those who engageaemic Different representations generated from an idehtitata

activities using graphs on a daily basis as exgeaph users  get glicit different interpretations of the grapFisr example,
and investigated whether they and undergraduates- (n

experts) can adaptively generate a consistent graitin in studies Qf inferences from bar and line graptils\/\{ers
explanations from the viewpoint of the consisterfythe are more likely to describe x-y trends when viewlig
contents and graph representation. Experiment icatet! graphs than bar graphs (Zacks & Tversky, 1999; Shah
that expert graph users adaptively generate a gnapise Mayer, & Hegarty, 1999). Peebles and Cheng (2003)
structure is consistent with the explanation caiste®n the suggested that the comprehension time of certain
other handz Experiment 2 suggests that undergrasigannot information differs depending on the graph struetur
do so. But in Experiment 3 undergraduates were g by Although many studies on graph comprehension have
s_el_ectlng graphs from provided candidates, butethms a b ducted h tion is al . —y
limited concordance between the type of explanatoiwl een conducted, graph generation IS also an ImyiagisLIe.
graph representation. In the current study, we deal with the issue chragements
of variables on graphs when generating them. Shah a
Carpenter (1995) confirmed that x-y trends were
comprehended easily, although z-y trends were
: comprehended with difficulty using three-variablmel
Introduction graphs (e.g., Carpenter & Shah, 1998; Kanzaki & &Jiw
Many previous studies confirmed that using diagrans 2011). The reason may be that visual chunks arsteaned
effective for understanding information. In a pieriag  for every line in a line graph, and the graph i®rpreted
psychological paper, Larkin & Simon (1987) thearally  pased on each chunk.
demonstrated the efficacy of using diagrams wtileisg a Consider the case indicated in Table 1 where agiaph
problem and suggested that diagrammatic repres@mtat js depicted from the data that consist of two irefefent
simplifies access to relative information more thanygriables, A and B, and one dependent variableiae C.
sentential representation does, and transformsdbaitive  Tyo types of graphs are considered. One is a grapinich
processes into more efficient ones. Variable A is put on the x-axis and Variable B be t-label
Norman _(1991) pointed Ol.,lt that tqsk difficultiespded (Figure 1(a)), and on the other Variable B is puttbe x-
on such visual representation as figures and tables 5xis and Variable A on the z-label (Figure 1(b)kcArding
promote problem solving performance. He also sugdes to Larkin & Simon (1998), these two graphs are
that a cognitively consistent correspondence betweejnformationally equivalent but computationally difent;
In this study, we experimentally investigated thejgentical data sets, but they are different sindéerent
consistency of the contents of the explanations 8l chunks are constructed in each of the graphs aed th

representations of graphs for the explanation. Koss jnformation may be read in different ways. Whenlaipng
(2006), who marshaled psychological findings abgnatph

Keywords: Diagrammatic representation; Graph; Explana-
tion.

design, argued that graph representation must aeierd, Table 1: Variable C vs. Variables A and B.
especially based on the human cognitive system for
effectively conveying information. And also, Hegd®011) Variable B

mentioned the importance of cognitive science tsigie

. T 10 30 50
visual-spatial displays.

Graphs, which are pictures that convey logical iabl 10 20 50 80
relationships among numbers for a specific purpivstyde Variable A 30 50 50 50
line graphs, bar graphs, step graphs, and piesctpecific 50 80 50 20
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Figure 1: Graphs made from Table 1.

the data of Table 1, one of two alternative graphst be
generated whose structure is consistent with tpé&aaation.

If this hypothesis is correct, we predict the faliog
when we must explain how to adjust independent alidei

Consider a more specific situation in which we mustB, with the uncontrollable change of independentiatde
adjust independent Variable B with an uncontrokabl A to control the quantity of dependent Variable C:

change of Variable A to intentionally control theaaptity of

1. Participants who treated Variable A as a couwtirsu

dependent Variable C. When explaining how to manageariable in their explanation put it on the x-aXEigure

Variable B in this situation, the explanation iasdified into
two types from the viewpoint of the representatioh
Variable A. In one explanation, Variable A is désed
discretely. In this classification, the explanatisrgenerated
for each level of Variable A, such as “when Varehl is at
..., you should set Variable B to ...” In the othgplanation,
Variable A is described continuously. In this clfsation,
the explanation reflects whether its value is lartjgan a
specific value, such as “when Variable A is largsn ...,
set Variable B to ...”, or from the viewpoint of a
continuously changing variable A, such as “accaydmthe
increase of Variable A.”

1(a)).

2. Participants who treated Variable A as a discret

variable in their explanation put it on the z-lal{Eigure
1(b).

In the current study, expert graph users partieighah
Experiment 1, whom we defined as those who daifyage
in academic activities using graphs. Our first obje is to
confirm whether such experts adaptively generasplts
that are consistent. We expected them to do saubedhey
have much experience giving presentations with liggamd
reading them in research papers.

Our second aim is to perform a similar experimeithw

When two independent variables are placed on a linendergraduates as novices. Undergraduates who rzve

graph, one variable is commonly put on the x-axid the
other on the z-label. In such a situation, it istemplated
that the variable on the x-axis is regarded as rdiromous
variable, and the one on the z-label is regardeal discrete
variable because the x-axis is represented as #ngoos
factor and the z-label as a discrete factor.

Kosslyn (2006) noted that “the continuous rise faildof
a line is psychologically compatible with the contbus
nature of an interval scale. . . Time, temperatumed
amount of money are measured using an intervak$cal
Additionally, Kanzaki & Miwa (2011) suggested thah
explanation based on each line increases the cheps®mn
of a line graph because a chunk of each line iegeed
(e.g., Carpenter & Shah, 1998; Shah & Carpente®519
These studies indicate that a variable on the etl@ba line
graph is regarded as a discrete variable.

The above investigations propose a hypothesis, evihnest
normative graph, an independent variable is puthenx-
axis when the variable is regarded as a continvatiable
in the explanation; in contrast, an independentabse is
put on the z-label when it is regarded as a disoratiable.

received systematic training in statistics paraogal in our
second and third experiments. We propose a hypsttiest
they may have trouble generating consistent graptesn
they are required to adaptively generate graphedas
understanding such highly abstract mathematicateyuts
as continuousness and discreteness.

Recently, various types of software have been dpes
for making graphs. User can automatically genetagen by
simply choosing some properties. In this situatioeers
select a graph rather than generate one. The d¢hjettive
is to examine whether undergraduates can selemisistent
graph when they are presented alternative candidate
consistent graphs.

Experiment 1
Experiment 1 investigated whether people who us@hy

daily can adaptively generate consistent graphs nwhe

constructing an explanation with them.
We set a situation in which either “air temperatuoe
“humidity” was adjusted to promote the growth ofetuy

discovered mushrooms.” Two dependent variables, air
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temperature and humidity, can be treated either as
continuous or discrete. An independent variablethis c 1004
“amount of mushroom growth.” The table used in our % 80 e 10
experiments is the same as Table 1, but Variab)ed, And %
C were replaced with specific factors: humidity,r ai 45 60 —— 30
temperature, and amount of growth. The shape ofitiee += —a— 50
graph generated from the table is also the sane Rigure S 40
1. These two graphs’ shapes were controlled tthbesame g 20
in order that the ease of constructing explanaitoould not <
be affected by the shapes of the graphs. 0 | | L,
In our experiments, we set two situations for aipalar 10 30 5”0

explanation context. In one situation, participagtplained
how to promote mushroom growth by adjusting the
humidity, where air temperature was not contro#alm the
other situation, they did so by adjusting the amperature,
where the humidity was not controllable. These two

situations were counter-balanced in the experirﬂlentqjassifymg generated graphs The generated graphs were
procedure. classified by the placement of an unadjustableatsei in
the graphs. The following were the classificatioitecia:
Method (1) X-axis unadjustable graph: an unadjustable variable is
Participants The participants in Experiment 1 were either put on the x-axis

university associate professors or doctoral studeint (2) Z-legend unadjustable graph: an unadjustable variable is

Figure 2: Graph format used in Experiments 1 and 2.

experimental psychology. 22 researchers participaie put on the z-legend
experts. 17 had Ph. Ds. All participants had phielisone Classifying explanations The participant explanations were
or more peer-reviewed academic journal papers. classified depending on whether the unadjustabteabla

Procedure The experiment was performed individually or was described as a continuous or a discrete varidtile
in small groups. The participants were presentedtéble following were the classification criteria:
shown in Table 1 and given the following instrunto (1) Continuous explanation: an unadjustable variable is
described continuously. The following are example
“A new kind of mushroom was recently discovered explanations in this category for a situation whtre
whose growth greatly depends on air temperature and temperature is not adjustable: “When the tempegaisir

humidity. Its growth at specific temperatures andhidities above 30°C,” “according to the increase of tempeest
is shown in this table.” and so on.
(2) Discrete explanation: an unadjustable variable is
Half of the participants were given a situation vehéhe described discretely. Example explanations in thmes
amount of growth was controlled by adjusting thenfdity, situation include, “When the temperature is at 10°C
but the temperature was not controllable. For these “when the temperature is low,” and so on.
participants, the following instructions were given When both types of descriptions appeared in an

explanation, the classification was made based fon t
“You are a salesperson of mushroom seedlings. Youdescription that was part of the conclusion. Such
customers can adjust the humidity in their mushroontescriptions were usually seen in the last partthef
greenhouses, but they cannot adjust the temperaturexplanation.
Explain how to grow the mushrooms by adjusting the
humidity with uncontrollable changes of temperatiwse a  Results and discussions

line graph in your explanation.” The participants were grouped depending on whetiey
. . generatedcontinuous or discrete explanations. Those who
_For counter-balance manipulation, the other halfs wa generatedeontinuous explanations were classified as the
given a situation where the humidity could not bgusted,  continuous explanation group, and those who generated
and temperature was replaced by humidity in  thgjiscrete explanations as thediscrete explanation group. Ten
Instructions. _ o _ of the 22 participants were categorized in toatinuous
They wrote their explanation in ten minutes andnthe explanation group and the other twelve in thdiscrete
drew a graph on an experimental sheet shown inr&igun explanation group.
five minutes, labeling the x-axis and the z-legebyl Figure 3 shows the proportions of the graphs diassi
themselves. into each category in the two groups.
To examine whether the structure of the generataphg
was influenced by the described explanation, a two
difference in the distribution)®(1, N=22) = 6.42 p< .05).

559



10 [ -puumm -

2 " mZlegend 2 W Z-legend
_§ 08 - unadjustable graph .§ 08 - unadjustable graph
b= O X-axis = O X-axis

L |- —= _ © [ I _
§ 0.6 unadjustable graph & 06 unadjustable graph

o
e 04 | |- - c 04 | |- -
=] o
= =
S 02 g 02 - |- --
e e
a 00 ‘ a 0.0 ‘
Continuous Discrete Continuous Discrete
Explanation group Explanation group
Figure 3: Proportions of participants who generatesis Figure 4: Proportions of participants who generatesis
or z-legend unadjustable graphs in Experiment 1. or z-legend unadjustable graphs in Experiment 2.

(continuous anddiscrete explanation groups) x twoaxis  other half was given a situation where the growtAsw
and zlegend generated graphs) chi-square test wagontrolled by adjusting the temperature, but thenidity
performed on their distribution. There was a sigaifit was not controllable.

A residual analysis shows that both the numberghef Procedure The procedure of Experiment 2 was the same as
participants who generateebxis unadjustable graphs in the that of Experiment 1.

continuous explanation andz-legend unadjustable graphs in

the discrete explanation group were greater than the Resultsand discussions

expected values (the residual value was 2.53).h@rother  seventeen of the 44 participants were categorinethe

hand, both the numbers of participants who genérate continuous explanation group and the other 27 in the
legend unadjustable graphs in thecontinuous explanation  djscrete explanation group.

group and x-axis unadjustable graphs in thediscrete Figure 4 shows the proportions of graphs classified
explanation group were less than the expected values (theach category in the two groups.
residual value was -2.53). To examine whether the structure of the generataphg

This result suggests a tendency to generate spéitié  as influenced by the described explanation, a two
graphs in which an unadjustable variable was puthenx-  (continuous and discrete explanation groups) x two-axis
axis When it was regarded as a continuous variablan and Z_|egend generated graphs) Chi_square test was
explanation. On the other hand, there was a teydeémc performed on the distribution of the generated ysafhere
generate graphs in which an unadjustable varialie put  \was no significant difference in the distributiok®(,
on the z-legend when it was regarded as a disuegtable.  N=44) = 0.02s). This result suggests that undergraduates

This result implies that the participants, who gegohs ona  cannot generate consistent graphs.
daily basis, adaptively generate graphs whosetstes are

consistent with their explanations. Experiment 3

Experiment 2 In Experiment 2, we confirmed that undergraduaidsndt

i ] necessarily make graphs whose structure is consigiith
In Experiment 1, we confirmed that expert graphrsise ineir explanations. In Experiment 2, the particisan
adaptively generate graphs whose structures arsistent generated graphs by themselves. But in Experimente3
with their explanations. In Experiment 2, we perfed the gave them two candidates of consistent graphs etrttiém
same investigation with undergraduates who havite lit gglect one to investigate whether they could adelti

experience of making graphs when explaining somgthi select a consistent graph from two alternatives.

M ethod M ethod

In the following, descriptions are omitted aboué 58Bme | the following, descriptions are omitted aboue tsame
procedures as in Experiment 1. procedures as in Experiment 2.

Participants 44 undergraduate Liberal Arts majors who hadpgrticipants 57 undergraduate Liberal Arts majors who had
not completed a course in statistics participattalf were ot completed a statistics course participatedv@@ given
given a situation where the growth was controllegl b 5 sjtyation where the growth was controlled by siilig the
adjusting the humidity, but the temperature was nohymidity, but the temperature was not controllalled for
controllable, and for counter-balance manipulattbe, the counter-balance manipulation, the other 28 \garen a
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Discussion and conclusions

g 10 [ W Z-legend In this study, we investigated whether expert grapérs
208 - unadjustable graph and undergraduates make consistent graphs from giat
8 O X-axis to construct explanations. The result of Experimént
8§06 (| |- “~  unadjustable graph confirmed that expert graph users successfully geee
E 04 - |----- - graphs in relation to their explanations. On theeothand,
S Experiment 2 showed that undergraduates faileddcate
S 02 - this tendency.

S‘ We discuss the results in the light of our hypothes
o 00 ‘ proposed in the introduction by analyzing the prtipas of
Continuous | Discrete each type of graphs in each explanation group.

. In the result of Experiment 1 (Figure 3) in tdescrete
Explanation group

explanation group, the proportion of-legend unadjustable
graphs was significantly larger than that of tkexis
unadjustable graphs p = .019, one-tailed Fisher's exact
tests). This means that the clearly greater use dicrete
factor in the graph was due to the influence of gheater
o . use of discrete expressions in the explanationothmer
situation where the growth was controlled by adijugsthe words, there was a consistency between the exjanand

air temperature, but the humidity was not conti#a . ; .
Procedure The experiment was performed as part of theirthe graph. On the other hand, in tutinuous explanation

class assignment(sj. The pargciﬁantsblwroteda stoipthe g:g;ﬁs 3\);20lljgrge:hﬁ]agr?ﬁg{“gfn thfega;z Ezggjﬁiilg
iven situation and presented the table used ireExgnts L . : .
% and 2. They werepalso presented two types ofdiaehs graphs, there was no significant difference in rthei

N proportions p = .172, one-tailed Fisher’s exact tests). Three
made from thg table, such as those in Figure 1required of the ten experts in theontinuous explanation group put
to select a suitable one.

the variable described as a continuous one on-thgend,
Results and discussions contrary. to our expectation. When analyzing their
) - _ explanations, two of the three generated explanstimsed
Five participants were excluded from analysis beeahey gn the slopes of the lines. For example, in the itlityn
failed to follow the instructions. 20 were categed in the unadjustable situation, “when the humidity is lowtean
continuous explanation group and the other 32 in the 3004 the mushroom growth proportionally increaséth w

Figure 5: Proportions of participants who selectexkis or
z-legend unadjustable graphs in Experiment 3.

discrete explanation group. B the air temperature because the line slope isipesiSince
Figure 5 shows the proportions of graphs classifitgd 3 jine slope is described based on each labeleat-fegend,
each category in the two groups. and a line slope is represented continuously inedraph,

To examine whether the structure of the selecte@igr  they put the continuous variable on the z-legeré above
(continuous anddiscrete explanation groups) X two<exis  adaptively generated consistent graphs both in the
andz-legend selected graphs) chi-square test was performeggntinuous anddiscrete explanation groups.
on their distribution. There was a significant difnce Next, we discuss the graph generation by undergtadu
(X*(1,N=52) = 5.62p< .05). A residual analysis shows that in Experiment 2 (Figure 4). To generate consistgaphs,
both the numbers of the participants who select@stis  we must examine what should be represented basddam
unadjustable graphs in thecontinuous explanation group  consideration of explanations (Kosslyn, 2006). @esult
and zlegend unadjustable graphs in the discrete  jmplies that undergraduates tend to use graphutitsuch
explanation group were greater than the expected valuegonsideration.

(the residual value was 1.96). On the other haoth the On the other hand, when selecting a graph in Expeni
numbers of the participants who selectedegend 3, undergraduates were given choices. Such giveiteh
unadjustable graphs in thecontinuous explanation group  might enable them to consider the consistency eirth
and x-axis unadjustable graphs in thediscrete explanation  explanation and graph representation.

group were less than the expected values (theuasidlue As Norman (1992) noted: "to think of the problem of
was -1.96). designing something that people will find underdttrie

This result implies that undergraduates tended t@nd easy to use as the same problem as writingtbimge
adaptively select consistent graphs if alternativesre  that other people will understand and find easyetw.” The
presented to them. However, in Experiment 3, theyrocess of generating a graph for conveying infdiona
proportions of participants who selectedxis unadjustable  resembles the process of writing. A cognitive wigtimodel
graphs were greater than those in the result ofettpert  proposed by Hayes & Flower (1980) consistslaining,
graph users in Experiment 1. We discuss this gmfdw. translating (text production), andeviewing. Similarly, the

process of generating a graph also involpEsning, in
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which people discuss how to present informationHegarty, M. (2011). The cognitive science of visspatial
translating (depicting), in which people depict a graph, and displays: implications for designTopics in cognitive
reviewing, in which people review whether the graph is science3, 446-474.
appropriate for their purpose. Studies on writir@np out  Kanzaki, N., & Miwa, K. (2011). Experimental
the troubles of theplanning phase in novices: e.g., not investigation of effects of representations andt&xts on
considering situations and objectives for explamati comprehension and generation of line graphs.
(Flower & Hayes, 1980) and tending to ignore plagni Proceedings of 33rd annual conference of the cognitive
(Carey, Flower, Hayes, Schriver, & Haas, 1989). science society (Cogsci 2011), 2196-2201.

When selecting a graph from the candidates irKosslyn, S. M. (2006)Graph Design for the Eye And Mind.
Experiment 3, the undergraduates were only requiced  New York: Oxford University Press.
review a graph in the light of explanation withgplenning Larkin, J. H., & Simon, H. A. (1987). Why a diagrams
and trandating. This may explain why more consistent (sometimes) worth ten thousand wor@sgnitive Science,
graphs were selected in Experiment 3 than in Erpemnt 2. 11, 65-99.

In Experiment 3 (Figure 5), although we confirméatt Norman, D. (1991). Cognitive artifacts. In J. M. redl
the proportions of each type of graphs adaptivélgnged (Ed.), Designing interaction: Psychology at the human-
depending on the explanation contents, as a generalcomputer interface. Cambridge: Cambridge University

tendency, the proportion ok-axis unadjustable graphs Press, 17-38.
exceeded that of thelegend unadjustable graphs. This Norman, D. (1992)Turn signals are the facial expressions
tendency was also shown in Experiment 2 (Figurd Bgse of automobiles. Cambridge: Perseus Books.
results suggest that undergraduates tended to put &eebles, D., & Cheng, P. C. H. (2003). Modeling effect
unadjustable variable on the x-axis without considgetheir of task and graphical representation on resporteadg
explanations. in a graph reading taskluman Factors, 45, 28-45.

In this study, we defined the normative consistenfy Shah, P., & Carpenter, P. A. (1995). Conceptuaitditions
explanation and graph representation from the vioéngpof in comprehending line graphdournal of Experimental
the variable’s continuousness and discretenessiti®grs Psychology-General, 124, 43-61.

needed to confirm whether such graph consistenmatly  Shah, P., Mayer, R. E., & Hegarty, M. (1999). Gals
promotes understanding. Such investigation remains aids to knowledge construction: Signaling technggtor

important future work. guiding the process of graph comprehensiimurnal of
Finally, even if the automatic generation of grapth Educational Psychology, 91, 690-702.

spreadsheet software simplifies their utilizatitiis study’'s  Zacks, J., & Tversky, B. (1999). Bar and lines: tady of

results indicate that undergraduates still haveubim graphic communicatioMemory & Cognition, 27, 1073-

selecting consistent graphs. On the other handeptimg 1079.
candidate graphs improved the selection of condiste
graphs, implying that presenting undergraduatesh wit
variations of possible graphs and having them damsihe

relation of what they wish to explain and the cdati

graphs may be an effective method in tutoring graph
construction.
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