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Abstract. How information is distributed between internal and external 
representations significantly affects information search performance. For a 
distributed information search task, data representation and cognitive 
distribution jointly affect the user search performance in terms of response time 
and accuracy. Guided by UFuRT (User, Function, Representation, Task), a 
human-centered framework, we propose a search model and task taxonomy. 
The model defines its application in the context of healthcare setting. The 
taxonomy clarifies the legitimate operations for each type of search task of 
relation data. We then developed experimental prototypes of hyperlipidemia 
data displays. Based on the displays, we tested the search tasks performance 
through two experiments. The experiments are of a within-subject design with a 
sample of 24 participants. The results in general support our hypotheses and 
validate the prediction of the model and task taxonomy. 
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1   Introduction 

Clinicians’ work setting in nature is an information overloaded, time constrained 
environment [2]. Being able to search information efficiently to support decision 
making processes is an important part of medical practice. As a tool, an Electronic 
Medical Record(EMR) empowers the clinicians to view health record data, especially 
numeric data in multiple ways [23]. Through effective representations of numeric 
data, we expect that clinicians’ daily task could be facilitated. In this project, our 
research interest lies in exploring effective representations for clinical numeric data 
which are typically found in lab result section of EMR systems. 

For a typical lab results, internal and external information are two kinds of 
information that jointly affect a decision-making process. According to distributed 
cognition, internal and external information are essential in revealing the distributing 
pattern and the interaction between human and artifacts [14]. In a typical information 
search environment, information may be distributed across human, artifacts (tools), 
time and/or space. Under such a distributed environment, an information seeker needs 
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to process both internal information, which is stored in his brain, and external 
information, which is stored outside the seeker’s brain, across time or space. 

How external information is represented can significantly affect the decision 
process [22]. Specifically, when numeric data is represented by different levels of 
data scales(nominal, ordinal, interval, and/or ratio data), they affect user’s search 
performance. In this project, we investigate the relationship between data 
representations and search tasks at the scale levels. The fundamental principles of this 
research support the design and evaluation of human-centered information system in 
general. The search model and task taxonomy are helpful in determining task 
complexity and designing interfaces for relational data display in EMR. 

1.1   Relational Information Displays and Distributed Cognition 

In an EMR, lab results are usually represented with Arabic numbers. The Arabic 
numbers could be further transformed into tabular, graphic formats, etc. to facilitate 
clinicians’ decision making process. Within a table of graph, the data and their relations 
jointly construct Relational Information Displays (RIDs), which are of those 
representing the relationship between dimensions (as shown in the format of rows or 
columns, X or Y axes and so on). There are two kinds of dimensions: represented 
dimensions and representing dimensions. The represented dimensions of a RID refer to 
the dimensions of an original domain in the world represented by various RIDs. The 
representing dimensions refer to the physical dimensions of RIDs representing the 
dimensions of the original domain in the world. These two dimensions have to be 
matched in scale so as to guarantee the efficient and accurate representation between the 
display and the world [24]. This is a basis of effective of data display in this project. 

A display of a RID represents the relations among different types of information. 
For example, a patient’s name along with his lab results constructs multiple relations. 
This relationship is now represented by a table which can be transformed into many 
other formats like line graphs, bar charts, pie charts, scatter plots, and matrices, etc.  
All these formats carry the same amount of information yet the representational 
effects might be different because the distributive patterns of the internal and external 
information are different. 

Distributed cognition theory puts emphasis on individuals and their environment and 
it views a system as a set of representations [12]. The theory models the interchange of 
information between these representations that can be either in the brain of the 
participants or represented on the artifacts in the environment.  Zhang proposed a theory 
that external representations are not simply peripheral aids, but that they are an 
indispensable part of cognition [21]. According to Zhang’s theory, external information 
presented in an appropriate format can reduce the difficulty of a task by supporting 
recognition-based memory or perceptual judgments rather than recall.  

Proper external representations support internal memories and therefore enhance 
task performance. In many tasks, such as the search tasks in this study, people often 
use external artifacts to enhance internal memory and the artifacts are often created 
specifically for the purpose of remembering. For example, a patient chart is designed 
for reviewing a patient’s medical history.  

A typical task in an EMR system could be, for example, finding all the abnormal 
values on lipid panels of a patient over the past 12 months. In this task, the normal 
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range required, if not presented on screen, is the internal information.  The observed 
values, which are presented in the patient’s record, are the external information. The 
observed values of the lipid panels, for example, can be presented in a format of table, 
graph and/or the mixture of the two and so on. The observed values can be also 
represented in different data scales. Examples are +/-(nominal), low, normal, 
high(ordinal), or absolute values in Arabic numbers(ratio) and so on. A variety of 
representations are applicable to the same set of data. In this research, we are 
interested in the efficiencies of some representations developed based upon the nature 
of tasks. 

1.2   Scales and Information Presentation 

In a relational information display, dimensions are basic units used to describe the 
relationship of data. Scale types of data are finer granularity of dimensions and they 
provide the detail on how data are interrelated to each other. The notion of scales is 
important for the understanding of information search tasks [17]. Stevens proposed a 
distinction between four types of scales: nominal, ordinal, interval, and ratio [19]. The 
scale type of data determines which operations can be legitimately applied to data. 
The four scales each have different strengths in operations. Operations 1 to 4 listed 
below are accumulative, which means the bigger number of operations may also 
include those operations in smaller numbers. For example, interval scale, besides its 
determination of equality of differences, may allow all the operations that either 
nominal or ordinal scale allows. 

1. Determination of equality of two instances on the scale (=) (nominal scale) 
2. Determination of the rank-order (greater or less) of two instances on the scale (>,<) 

(ordinal scale) 
3. Determination of equality of differences on the scale (+,-) (interval scale) 
4. Determination of equality of ratios on the scale (/,*) (ratio) 

Applying the scale type of data to information searching tasks, each type of search 
tasks can be expanded as a set of operations which can be legitimately applied to data 
on this scale type.  Examining the clinically meaningful tasks in different representa-
tion formats may help explain the reason why some tasks are more difficult in certain 
representation than those in seemingly isomorphic representations.  

1.3   Theoretical Framework of Human-Centered Design 

Built upon the theory of distributed cognition and a set of analysis techniques, Zhang 
et al developed a method called UFuRT (User, Function, Representation, Task) for the 
effective design and evaluation of human-centered distributed information system 
[23, 6]. It provides systematic principles, guidelines, and procedures for designing 
human-centered information systems. Theoretically, an information search interface 
designed by the UFuRT process ensures that the design matches the information 
search task which leads to a better task performance. Applying the UFuRT process in 
relational search tasks, we believe that the internal information and external 
information required for each step can be used to predict the efficacy of search tasks.  
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For a type of clinical data, certain types of display are superior to other isomorphic 
representations in terms of search performance [5]. A variety of studies have 
identified that the users such as clinicians and medical researchers may use the same 
data set in different ways [17, 7, 15]. For example, in a clinician group, it may include 
but not limit to physicians, nurses, dieticians, pharmacists, and so on.  In a clinical 
researcher group, it may include but not limit to epidemiologists and clinical 
statisticians. They may have common questions to get answered in the situations 
where they need to solve a certain problem or make a decision (treatment & 
diagnosis), or they need to check the background information of diseases (etiology) or 
they need to keep up with the latest information of or a given subject, so as to keep 
abreast of the professional development and continue their medical education.  
However, examining the same collection of medical records, they may use different 
approach to conduct their researches. Clinicians whose interests are typically about 
various aspects of a particular patient at individual level, therefore the with-in patient 
searches are their key tasks, whereas clinical statistician may view the patient records 
at collective level to reveal the trends or epidemic status of diseases. 

A patient record contains both free text description, which is often read in the 
reports or discharge summaries, and coded data, which exist typically in the lab 
results section. We believe they belong to the basic two types, and all other types, like 
x-ray reports, graphs can be converted into these two for information search purpose. 
In this study, we investigated examples of coded data drawn from the lipid panel lab 
results.  We used these results to conduct our empirical studies on the effect of type of 
relational information display on the coded data search tasks. The figure 1 illustrates 
the model we followed in this study. 

Information search efficiency can be improved by several factors that characterize 
human information behaviors [12, 16], the focus of this research is on cognitive 
factors and their implications on human-computer interaction. We propose a search 
model with a special concern on the interactions between the user and computer-
based information systems [18]. It is a subset of information behavior models and  
 

 

Fig. 1. Human-Centered Distributed Search Mode 
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information seeking models [1, 4]. The model also has a close connection with visual 
search models which are about the cognitive strategies that people use on specific 
displays. The models at this level could be of help in explaining the information 
search performance in terms of the patterns of information distributions [10, 11].  

2   Search Task Taxonomy 

Applying UFuRT process to the distributed information search interface design, we 
developed several information search prototypes based on lab result module of an 
EMR system. The tasks are centered on searching a patient’s hyperlipidemia lab 
results. To better organize and represent the generalizability of hyperlipidemia data, 
we developed a search task taxonomy based upon functional analysis. In this 
taxonomy, search tasks are categorized into direct search and comparative search.  A 
direct search is to find a specific value under specific conditions. A direct search task 
could be further divided into a dimensional search or relational search. A comparative 
search compares the value within one dimension (within-dimension search) or 
between two (between-dimension search). This taxonomy provides a basis of 
experimental design. The examples for each type of search are included in the 
taxonomy as shown in Table 1.  

Table 1. A taxonomy of information search tasks in relational information display 

Definition Example 1 Example 2 D
im

ensional Search 
Search for 
values on 
one 
dimension 

Are there any abnormal 
levels of cholesterol in the 
patient record?  
 
-search data within one 
dimension 

2. How many times was the 
patient’s diastolic pressure 
recorded as abnormal in his 
record?  
 
-an extended question based 
on Example 1, counting the 
abnormal numbers becomes 
part of the dimensional 
search 

D
irect Search 

R
elational Search 

Search for 
values on 
multiple 
dimensions 

In which month of 2003, 
the patient’s LDL level 
was abnormal?  
 
-search data within two 
dimensions 

2. Was there any date during 
2003 when both HDL and 
triglyceride were abnormal?  
 
-search data with three or 
more dimensions ( if counting 
other lipid panel values) W

ithin-dim
ension 

Compare 
values within 
one 
dimension 

Did the patient’s 
triglyceride level drop 
since the start of his diet 
treatment?  
 
- to detect trends of data 
distribution  

C
om

parative search 

B
etw

een-
dim

ension

Compare 
values 
between 
multiple 
dimensions 

Did the cholesterol ratio 
(total cholesterol/HDL) 
change over the past year? 
 
- calculation involved  
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3   Research Hypotheses 

In this research, we studied the relationship between types of interfaces and types of 
search tasks in terms of effectiveness and efficiency for information search. The 
purpose of the experiments was to validate the model at the operation level and to 
determine the degree of difference of search performance under some representations 
(nominal, ordinal, ratio representations; table & graph representations) designed for 
clinically meaningful tasks(to localize, to compare and to calculate). We had the 
following two hypotheses.  

1. Information search with more external information will yield better task performance 
than those with less external information. This is because that the information in 
external representations can be picked up by perceptual processes, whereas the 
information in internal representations has to be retrieved from memory. 

2. The exact representation between task and data representation yield a better 
performance than over representations. This is because the higher levels of data scales 
legitimately allow more operations which may or may not fit into the search task. 

4   Methods 

The experiment was comprised of two sub-experiments and conducted as one session 
for each participant. Experiment I focused on paired nominal, ordinal, and ratio tasks 
with nominal questions. Experiment II focused comparing user performance on all 
four types of questions represented by table and graph representations. Both 
experiments were a within-subject design with variables (questions types and 
representing dimensions), and the dependent measures were response time and 
correctness of answers. To avoid the carry-on effects of within subject design, 
counterbalancing methods were taken.  The questions and representing dimensions 
sets were ordered so as to prevent from the learning effect from previous trials. The 
same type of question (nominal, ordinal, ratio) can not be asked consecutively.  The 
same type of representing dimensions can not be used in a consecutive order either. 
With the above consideration and to achieve statistical power, the minimum number 
of participants required in the research was 12. 

4.1   Subjects 

Twenty-four graduate students (12 male and 12 female; 12 have healthcare training as 
MD, RN, PT etc, 12 have no healthcare training) were recruited from the University 
of Texas Health Science Center with approval of the Institutional Review Board 
(IRB) Committee for the Protection of Human Subjects at the same university. All 
participants agreed and signed up the consent forms. 

4.2   Materials 

Participants were asked to view a set of relational information displays (appendix I 
and II) which comprise of questions developed based on the search task taxonomy 
and data representations in tables with nominal, interval, ratio scales and line graphs.  
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All contents were the records of the lipid panel results of hypothetical patients. 
Microsoft Visual Basic for Applications (VBA) codes were used to implement the 
interface design and capture the response time and answers to each question. 

4.3   Procedure 

A training session was given to each participant prior to the formal experiments in 
order for the participant to memorize the normal value range of lipid panel and 
become familiar with the interfaces.  Response time and answers were recorded 
automatically in spread sheets. After the training session, the participant was asked to 
perform coded data search tasks in a total of 12 trials. Within trial N-O-R(6 trials in 
total), there were 6 questions (search tasks) based on nominal, ordinal, ratio scale data 
display for each trial. The data were displayed in either table or graph format. Within 
trial T-G(6 trials in total), there were 8 questions (search tasks) based on nominal, 
ordinal, interval and ratio scale data display for each trial. The data were displayed in 
table format. Participants were requested to answer each and every question as 
quickly and accurately as possible. 

5   Results  

Data were successfully collected and transformed into SPSS statistical software. 
Statistical considerations were given to the power calculations of ANOVA designs.  

In the coded data search experiment, the nominal data display (represented by 
abnormal, normal) had the shortest response time comparing to ordinal (represented 
by lo, ok, hi) and ratio displays (represented by absolute numbers). The average 
response time for the tasks performed in nominal display was 8.60 ± 1.25 seconds, 
ordinal display 9.90 ± 1.70 seconds, ratio display 11.20 ± 2.11 seconds. As expected, 
there was a main effect of display type (nominal, ordinal, ratio), F (2,40)=30.28, 
p<.001. This phenomenon supports the prediction of hypothesis II.  There was a trend 
that as the data scales upgrading to higher levels, which contains extra amount of 
information, the nominal search tasks become harder (Fig 2). The incorrect answers 
for nominal, ordinal and ratio displays were analyzed. There were no effects due to 
gender and training background. No significant two-way interactions between display 
and gender were found. 
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Fig. 2. The response time of nominal questions on the nominal, ordinal and ration displays 
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Fig. 3. The response time of the nominal, ordinal, interval and ratio questions searched on 
graph and text displays respectively 

Comparing a set of search task performed on graph and text displays, the graph 
displays were superior to the text display when nominal, ordinal, interval, and ratio 
questions were asked (Fig.3). The average response time for the nominal, ordinal, 
interval and ratio tasks performed in graph display were 7.95±1.31, 8.70±2.05, 
9.90±2.45 and 12.90±3.02 seconds respectively. The average response time for the 
nominal, ordinal, interval and ratio tasks performed in table display were 8.20±1.51, 
10.56±2.11, 12.53±2.82, and 14.56±3.53 seconds respectively. As expected, there was 
a main effect of question type (nominal, ordinal, interval and ratio), F (1,21)=28.69, 
p<.001. These results support hypothesis I. As internal information requirement 
increases, the response time increases significantly. The incorrect answers were also 
analyzed. There were no effects due to gender and training background. No 
significant two-way interactions between display and gender were found. 

6   Discussion 

In healthcare, effective information search is critical to clinical outcomes, as the 
nature of mission is life related and time critical. Clinicians often carry an interactive 
high workload which frequently involves information search activities. Artificial 
intelligence supported by reasoning methods would definitely facilitate the decision 
making process. However, human computer interface is still considered a key factor 
that represents the results and plays an essential role in the entire process. 

This approach directed by UFuRT presents an efficient and feasible way for 
designing a human-centered data display interface of relational data. As it is 
confirmed that proper design of the user interface for information search can 
substantially increase the efficiency of human-computer interaction in terms of 
increased task performance, user satisfaction, and user’s knowledge retention, and 
decreased training time and error rate [4]. The information search model and search 
task taxonomy as described in this paper integrate the consideration of human-
centered design. They jointly describe and explain user performance in information 
search tasks under different data scale representations.  

This research demonstrates both theoretical and practical implications. It reveals 
how a human information seeker interacts with artifacts in relational data search 
under different distributed conditions. The human-centered information search model 
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and the search task taxonomy theoretically contribute to the study of information 
search, distributed cognition, and the disciplines of human-centered computing. The 
practical contribution is an effective prediction and a better design of search interfaces 
with consideration of data scales and distributed nature of information. 
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