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Improved link analysis method for user interface design – modified link table and optimisation-

based algorithm
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aDepartment of Industrial and Systems Engineering, State University of New York, Buffalo, New York, USA;
bInstitute of Psychology, Chinese Academy of Sciences

(Received 22 August 2008; final version received 29 July 2009)

Link analysis (LA) is one of most widely used methods in user interface design to arrange control elements on user
interfaces. However, traditional LA method is insufficient for evaluating transitional cost associated with
accessibility (the easiness for the operator to reach certain control element on the interface) and the link table
commonly used contains no directional information for assessing difficulty. To address these two problems, an
improved LA method based on a modified link table and a branch-and-bound algorithm is proposed in this study. A
case study on a simplified control interface of a boiling water reactor (BWR) in a real-world nuclear control system
was exemplified to elucidate the improved method and an experiment was conducted to validate the effectiveness of
the method in improving users’ performance time. The results showed that the total completion time (CT) and the
completion time of accessibility-associated operations were significantly shorter on the interface modified by the
improved method than by the traditional LA method, while the difference of the completion time of proximity-
associated operations between the two interfaces was non-significant. Therefore, although the traditional LA
method can significantly ameliorate the random interface by optimising the proximity between control elements, the
improved method can further improve the CT by optimally trading off the accessibility and proximity. The method
can be applied to the interface which requires physical movements between the user and the interface and within the
interface, especially touch screen and control panels.

Keywords: link analysis; interface design; accessibility; optimisation

1. Introduction

Link analysis (LA) is a quantitative and objective
method for examining the relationships between inter-
face components, which can be used for optimising
component arrangements (Wickens et al. 2004). It aims
to improve interface design by examining the task
content, the characteristics of each individual compo-
nent on the interface, and the relationships between
them. The cost of each operation in the task is
quantified by a link value, and the link value can be
a function of importance, frequency, distance, diffi-
culty or other characteristics of the movement between
two elements. The goal of LA is therefore to minimise
the ‘overall cost’ by rearranging the layout while the
operator uses the target interface under certain task
requirements.

Traditional LA method uses a link table or a link
diagram to represent ‘links’ between interface compo-
nents. Figure 1 shows a link diagram of an in-car
radio, and Table 1 shows its link table. Each move-
ment between interface components is represented by a
straight line. For example, to eject the cassette requires
the user to push button A, and then button F. But

some ‘one-touch’ operations, such as pushing button H
only to reverse the play, may be considered neither in
the link diagram nor in the link table. In addition, only
half of the link table is used so that operations of
different sequence (A!F/ F!A) cannot be distin-
guished in the table (and F!A obviously does not
make sense). Finally, the link value represents how
many movements between two components should be
done by finishing one run of all tasks. On the basis of
the link table, traditional LA would improve the
interface by minimising the length of existed links on
the interface. Figure 2 shows one possible improved
interface layout by traditional LA method. Basically,
the proximity of all linked elements should be
improved by shortening links.

It is obvious that the traditional LAmethod has two
potential limitations. First, in reality, as long as there is
certain physical distance between a user and a user
interface, operating an interface consists of two types of
movements – movements between the user and the
interface (U-I movements) and within interface move-
ments (W-I movements) (see Figure 3). In the previous
in-car radio example, a driver may move their hand
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towards the radio control panel first and then press a
sequence of buttons to achieve a desired function, such
as searching for his or her favourite station. The
movement of his or her hand towards the panel is a U-I
movement while the movements between functional
buttons on the panel areW-I movements. The link table
referred to by traditional LAmethod only considers the
W-I movement while the U-I movement is not
considered. The U-I movement represents the back-
and-forth motion of the operator’s hand between the
origin (the hand position in resting posture) and the
target element, while the W-I movement represents
the motion from one element to another. The link table
only contains information of W-I movements by
tabulating all links between elements on the target
interface so that the designer can minimise the distance
between linked elements; however, as long as there is
certain physical distance between a user and a user
interface, the user must perform U-I movements to
access the user interface. Hence, the easiness of
performing U-I movements (called ‘Accessibility’ in
this article), should be considered.

Second, every physical movement of the hand has
its direction (back and forth), but the link table of the
traditional LA regards the forward and the backward
movement as the same. Directional information is
important especially when the designer takes the
difficulty index into consideration. Difficulty is deter-
minant of time performance and the difficulty index,
such as log2(2A/W) proposed by Fitts (Fitts 1954) and
other modified index for either bivariate or three
dimensional pointing task, can be a function of
distance, effective target width and directional angle.
Neither target nor directional angle can be determined
without information of moving direction (MacKenzie
1989, Murata and Iwase 2001, Johnny and Shumin
2003, Du et al. 2007). Hence, two types of movements
and their directions should be incorporated into the
link table so that the overall cost of operating an
interface would not be biased or underestimated
during the process of optimisation.

In addition, the concept of the ‘link’ also cannot
properly reflect the cost of operating the target
interface in terms of construct validity. Ideally, it is
better to consider the link value as a composite
frequency-importance index (Sanders and McCormick
1993). However, based on the ordinary definition of
the link value, it only counts the number of movements
between elements, and equal weights are assigned to
each link. In fact, links should be quantified by either
physical or temporal distance between two connected
elements, and each link should have different weight
according to its importance and frequency. The
importance should be a function of seriousness of
erroneous use and the frequency should consider how
often an operation would be performed in the long
term rather than in a single run of all functions.
Obviously, counting number of links is not a valid way
to well consider transitional cost of links and their
relative weights.

LA method is supposed to be consistent if it is
conducted by different professionals, but the procedure
of conducting varied significantly. Previous link-re-
lated studies suggested different LA methods when

Table 1. Link Table of an in-car audio (unused area).

Figure 1. Link diagram of an in-car audio.
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target interfaces had different features and when the
operator performed different tasks (Rabideau and
Farnady 1976, Pulat and Ayoub 1985, Sears 1993,
Sargent et al. 1997, Yin and Lee 2004). The variability
in methodological approaches has been regarded as
one important factor causing inconsistency in usability
evaluation. Even with the same basic methodology, the
outcome of usability evaluation could be very different
due to differences in choosing tasks and content
settings to be evaluated (Molich et al. 2004). The
situation in which the operator needs to perform
procedural operations was quite different from that the
user could arbitrarily perform certain steps to complete
the final goal. The variability associated with the types
of the user interfaces and the nature of the tasks
implies that for LA, applicable interfaces should be
defined by demand properties (physical/cognitive),
representation features (fixed/dynamic) and expected
user behaviours (procedural/random). If the demand
properties, the representation features and the
expected user behaviours of the target interface are

not well defined, the cost may not be valid to evaluate
the usability of the target interface.

Several works used a computer program to
automatically allocate controls and displays in a user
interface (regarded as automatic generation of user
interface (AGUI); Rabideau and Farnady 1976, Pedro
1990, Won Chul and James 1990, Dennis et al. 1992),
or applied computational models to help user interface
designers to allocate the elements (Wu and Liu 2007d,
Wu et al. 2008, Wu and Liu 2009). However, most of
these studies were conducted by experts of computer
science, and they focused on how to match program-
ming specifications to a given widget library to
generate a layout based on the designer’s point-of-
view, maximising the utility of space; however, the two
limitations of traditional LA have not been addressed
systematically in these studies.

The objective of this study is to propose an
improved LA method which includes a modified link
table that could account for both types of movements
and contained directional information of movements.
First, an extra element, the hand origin, would be
included in the modified link table so that the U-I
movements could be represented in cells associated
with the hand origin. Second, rows and columns were
used separately to indicate the initiation and the end of
the movements and, in turn, the direction of move-
ments could be determined by their positions in the
modified link table. That is, each link value in a cell
represents the relative weight of the movement, either a
U-I or a W-I movement, and its direction can be seen
by the location of the cell into which it is filled. In
addition, the link value was redesigned to incorporate
the frequency and the importance into one composite
index so that this index could be appropriate weight
for transitions. The difficulty index of transition, which
is determinant of performance time, was then con-
sidered the representative of transitional cost and
weighted by the link values. Hence, the weighted index
difficulty can be more representative of overall transi-
tional cost. Finally, the overall transitional cost would

Figure 3. Movements between the user and the interface
(U-I) and within interface (W-I).

Figure 2. Improved in-car audio interface by traditional link analysis.
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be optimised through the branch-and-bound algo-
rithm. A case study in a real-world nuclear control
system was proposed to illustrate how to use the new
method in practice. Based on the case study, an
experiment was conducted to validate effectiveness of
the new method in comparison with the traditional
LA method in terms of reducing users’ performance
time.

2. Development of the improved link analysis method

To optimise an interface layout and quantitatively
evaluate its usability, the cost of operating the interface
in terms of temporal, physical or cognitive expense
should be formulated first. The overall transitional cost
that represents the extent of physical demand during
U-I and W-I movements were used in the algorithm
as the cost to be minimised. It is assumed that the
cost of each movement (transition) would be a
function of its difficulty, and the difficulty of each
transition should be weighted by its importance and
frequency. Based on the assumption of procedural
operations, the operational cost of each transition
should be additive and the overall cost should be the
summation of the weighted difficulty index of all
existing transitions, including U-I and W-I move-
ments. Then a simple branch-and-bound algorithm
with some modifications, including the priority of
entering searching tree, the principle of searching
optimal layout and the cut-off strategy for branching,
would be adopted to generate the optimal interface
layout. The formulation of objective function (mini-
mising overall transitional cost) and the optimisation-
based layout generation algorithm will be explained
in the following.

2.1. Overall transitional cost

The goal of LA is to minimise the overall transitional
cost while the user operates an interface. This notion
can be stated as the following expression:

Overall transitional cost

¼
X

All transitions

ðweight of transition

� cost of transitionÞ ð1Þ

The weight of each transition can be considered a
composite index of importance and frequency, and the
cost of each transitional relates to its demanding efforts.
In this study, we assumed that the demanding effort of
each transition (movement) is positively proportional to
its difficulty level, and the difficulty index should be a
function of effective target width, moving distance and

moving direction (if it is 3-D movement). Transitional
cost is closely related to usability evaluation. The ISO
standard defines usability as ‘extent to which a product
can be used by specified users to achieve specified goals
with effectiveness, efficiency and satisfaction’. The
‘effectiveness’ includes accuracy, and the ‘efficiency’ is
the resources expended in relation to the accuracy
(Hornbæk 2006). The cost of transition considers both
effective target width and moving distance and they are
associated with accuracy and energy expenditure,
respectively. Therefore, the transitional cost can account
for effectiveness and efficiency of usability in physical
aspect. Besides, ‘satisfaction’ is defined as ‘freedom from
discomfort, and positive attitudes towards the user of
the product’. Apparently, transitional cost represents
the physical demand and minimisation of overall
transitional cost can reduce the risk of having physical
discomfort and its resultant negative user experiences. In
fact, physical and physiological index are commonly
used in the evaluation of usability (Lin et al. 2007).
Finally, time-based performance is widely used in
studies of usability evaluation (Sears 1993, Grobelny
et al. 2005,Dan et al. 2008). Since difficulty of transitions
determines movement time and physical demand to a
large extent, it should be reasonable to use total
transitional cost as an important index of usability.

2.2. Modified link table

To improve traditional LA method, there are two
problems to be addressed – the negligence of U-I
movements and the difficulty of movements. The
information about the origin of each operation and
the direction of each movement should be incorpo-
rated in the modified link table. Traditional link table
listed only element to be considered on the interface
and only half of the table was used (see Table 2).

Table 2. Traditional link table ( unused area).
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In this study, the origin of the operation was
considered an extra element in the link table, and the
flip side of the link table was utilised. The modified link
table is shown in Table 3. All start points are defined in
rows and all targets are defined in columns, respec-
tively. The first column and the first row represent all
U-I movements because O stands for the origin of the
hand. In consequence, the link values L0i represent the
frequency-importance composite weight of movement
from origin to element i. Similarly, the link values Li0

represent the weight of movement from element i to
origin. Lij for any i 6¼ j 6¼ 0 stands for the weight of
movement from element i to element j. In this modified
table, the identification of U-I movements and direc-
tions of all movements is possible. This would facilitate
computation of difficulty indices based on different
types and directions of movements.

2.3. Composite importance-frequency weight

The link values in the link table, ideally, should be a
composite importance-frequency weight of each tran-
sition. However, traditional LA did not well define the
frequency and the importance in the context of tasks.
The relative importance and holistic using frequency
should not be determined in the operational level
because the link, which is the movement between two
elements on the interface, is defined in the functional
level. Without predetermined functions and specified
sequences, links cannot be defined in that the user
cannot just arbitrarily use certain buttons in a
particular sequence without knowing what this proce-
dure is going to do. Because the frequency and the
importance were the intrinsic features of a link instead
of an element (the goal is to determine the frequency

and the importance of links, not of elements), the
frequency and the importance should be decided in the
functional level.

For frequency, the total usage of a function over a
specifiedperiodof timecanbeobtainedbyanobservation
or a survey. When it is not possible to conduct such an
observation, survey or the target interface to be modified
does not even exist yet, a heuristic procedure can be
adopted. A group of designers and usability experts can
give each function a frequency based on expected long-
termusage.Then, the relative frequency indexof function
k can be computed as the following:

Fk ¼
fkPm
k¼1 fk

Frequency index of function kð Þ;

0 < Fk < 1;
Xm
k¼1

Fk ¼ 1 ð2Þ

where m is the total number of functions, and fk is the
relative frequency of usage for function k.

For importance, a pair-wised comparison can be
conducted to decide the relative importance of each
function (Hart and Staveland 1988). The relative
importance can be decided by considering the follow-
ing two principles:

(1) Criticality: which one is more related to safety
issue and more likely to cause serious damage if
being erroneously used?

(2) Substitution: which one can be possibly re-
placed by combining other basic functions?

Then, the relatively important function can be
given a value 1, and a value 0 is given to the other.

The importance index of function k can be
calculated as the following:

Ik ¼
PC2

m

v¼1 iv

C 2
m

ðImportance index of function kÞ;

Iv ¼ ð0; 1Þ;
Xm
k¼1

Ik ¼ 1 ð3Þ

where iv is the importance value for function k obtained
from each pair-wise comparisons, either 1 or 0.

And for any transition from element i to element j,
the link value Lij should be:

Lij ¼
Xm
k¼1

Ik � Fk � CijkðLink value form Ei to Ej

for all i 6¼ jÞ ð4Þ

where Cijk is the number of movements from element i
to element j in function k. This value could be used as
relative weight of each transition.

Table 3. Modified link table.
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2.4. Difficulty index of U-I and W-I movements

Mackenzie (1989) suggested the following modified
difficulty index for two dimensional movements
(MacKenzie 1989):

DI2D ¼ log2 d=sþ 1:0ð Þ ð5Þ

where d and s are the distance from the starting point
to the target and the size (diameter) of the target,
respectively. Murata and Iwase (2001) extended this
index to account for three dimensional movements
(Murata and Iwase 2001):

DI3D ¼ log2 d=sþ 1:0ð Þ þ 0:5 sin y ð6Þ

where y is the directional angle relative to the target. In
this study, DI3D and DI2D are used as the difficulty
index of U-I and W-I movements, respectively. For
movements from interface back to hand origin, the
target size is regarded as infinity and the DI3D becomes
0.5 sin y.

2.5. Objective function of optimisation

Consider a target interface with n elements to be
arranged in a rectangular space. This area is assumed
to have P6Q basic units with identical area in width
and height dimension. The interface has m functions.
After we arrange all elements into the space, the total
transitional cost of an element s at location Ux,y can be
computed as:

Ts ¼ L0s �DI3D O;Esð Þ þ Ls0 �DI3D Es;Oð Þ
Xn
i¼1

Lsi

�DI2D Es;Eið Þ þ
Xn
j¼1

Ljs �DI2D Ej;Es

� �
ð7Þ

where DI2D/3D (E1,E2) signifies the 2D/3D difficulty
index of transition from E1 to E2. L0s, Ls0, Lsi and Lis

can be found in the link table at the corresponding
cells, and DI can be computed based on Equations (5)
and (6). Therefore, the objective function to optimise
the overall transitional cost of using this interface
would be:

Minimise
Xn
s¼1

Ts ð8Þ

2.6. Layout generation algorithm

The solution of optimisation problem can be difficult
and complicated if mathematical or computational
method is utilised (Wu and Liu 2004c, Wu and Liu

2008a, Wu et al. 2008d). One of the heuristic ways to
solve this optimisation problem is using branch-and-
bound algorithm. The initial application of branch-
and-bound algorithm in user interface can be found in
Sears’s work (Sears 1993). In this study, the branch-
and-bound algorithm was adopted and modified to
provide a practical and feasible heuristic algorithm.
First, instead of using frequency as the only priority
index to decide the sequence of entering searching tree,
two new indices, accessibility priority index (AI) and
proximity priority index (PI), were used to identify the
element with potentially higher cost if it was placed in
the wrong position so that the better layout could be
considered first. Second, the searching principle for
allocating the element to be arranged would depend on
relative quantity of AI and PI, so that possible layout
alternatives could be eliminated. Thirdly, only two
alternative layouts, the optimal and the sub-optimal
one, would be kept in the searching tree so that the bad
layouts could be excluded faster.

2.6.1. Priority of arrangement

Consider that only the distance between elements and
the directional angle are indecisive before the final
layout is done. That is, if we decompose Ts into four
components:

Ts ¼ L0s �DI3D O;Esð Þ þ Ls0 �DI3D Es;Oð Þ

þ
Xn
i¼1

Lsi �DI2D Es;Eið Þ þ
Xn
j¼1

Lis �DI2D Ej;Es

� �
ð9Þ

L0s �DI3D O;Esð Þ ¼ L0s � log2 dos=Ss þ 1:0ð Þ þ 0:5 sin y½ �
¼Wos � F d; yð Þ ð10Þ

Ls0 �DI3D Eos;Oð Þ ¼ L0s � 0:5 sin y½ � ¼Wso � f yð Þ
ð11Þ

Lsi �DI2DðEs;EiÞ ¼ Lsi � log2ðdsi=si þ 1:0Þ ¼Wsi � fðdsiÞ
ð12Þ

Lis �DI2DðEi;EsÞ ¼ Lis � log2ðdis=ss þ 1:0Þ ¼Wis � fðdisÞ
ð13Þ

The value of Wos, Wso, Wsi and Wis are predeter-
mined constants before the elements are arranged and
would not change with layouts. Therefore, the weights
of different types of links can be determined as the
following:

Wos ¼ L0s � ½log2ð1=ss þ 1:0Þ� ð14Þ

Wso ¼ Ls0 � 0 ¼ 0 ð15Þ

6 C.-J. Lin and C. Wu
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Wsi ¼ Lsi � ½log2ð1=si þ 1:0Þ� ð16Þ

Wis ¼ Lis � ½log2ð1=ss þ 1:0Þ� ð17Þ

Since Equations (14) and (15) relate to U-I move-
ments, Wos and Wso can be considered AI:

AIs ¼Wos ð18Þ

Similarly, Equations (16) and (17) relate to W-I
movements, Wos and Wso can be regarded as PI:

PIis ¼Wsi þWis ð19Þ

The priority index is then determined by

ðAIs þ
X

PIis
All arranged items

Þ ð20Þ

In the first phase, only the hand origin (O) is
available, and so the element with highest AI will be
considered first. After the first element is placed, the
following element to be arranged will be decided based
on Equation (20).

2.6.2. Searching principle for optimal positions of
elements

A concentric searching strategy was adopted in this
study (Pulat and Ayoub 1985). Basically, the searching
centre would be determined first by considering Equa-
tion (20). For an element to be arranged (Es), if
AIs 4

P
All arranged items PIis, then the searching centre

should be the hand origin. And if AIs 5P
All arranged items PIis, the searching centre should be the

element i. The algorithm considered the position closest
to the centre first and then shift concentrically until theP

All arranged items Ts could not be further improved. In
case AIs ¼

P
All arranged items PIis, the algorithm would

consider the hand origin as the centre because the
accessibility considered directional effects and therefore
was more constrained than the proximity.

2.6.3. Branch-and-bound

After the priorities of the elements were determined,
the sequence of elements entering the searching tree
would be decided accordingly. Then based on the
searching principle, the algorithm would find the
optimal layout and the sub-optimal layout for the
current element to be arranged. The layout then would
be branched from these two layouts and from all
branches of the searching tree, find the next two
layouts to be kept. The heuristic optimisation-based
algorithm is summarised in Table 4.

3. A case study and experimental validation of the

improved LA method

3.1. Background

For demonstration and validation purposes, a simpli-
fied control interface of a boiling water reactor (BWR)
in a real-world nuclear control system and operation
was utilised to elucidate the algorithm and layout
generation in detail (Dix et al. 2003, Anon 2008). The
simplified design of the boiling water is shown in
Figure 4. The interface contained nine elements to be
arranged. Each one of them was either only one button
or a functional group of several buttons. The functions
of the interface and their relative frequency of usage
are listed in Table 5.

The size of the BWR interface was assumed to be
40 cm high and 40 cm wide, and it was supposed to be
placed at the right side of a big control panel because
the left side of the panel is the space for relevant

Table 4. Branch-and-bound algorithm.

User inputs the weighted link table.

Compute accessibility priority index of each element defined
in the link table by Equation (18).

Compute proximity priority index of each link defined in
the link table by Equation (19).

Tabulate all AIs and PIs.
Determine the sequence of elements entering the searching

tree by Equation (20).
Assign the current element to be arranged (Es) according to

the sequence in step 5.
Search optimal and sub-optimal layout for Es based on

the searching principle. ðMin
P

All arranged items TsÞ
Check if there is any geometric constraint to be enforced.
Check if all elements are arranged (As ¼ 1 for all As, s ¼ 1

to n). If all elements are arranged, then terminate the
layout generation. Otherwise, continue finding the
next candidate element to be arranged.

Find the next element to be arranged with the
highest priority ¼ (AIsþ

P
All arranged items PIisÞ.

Figure 4. The simplified design of the boiling water reactor
(BWR) interface (Dix et al. 2003).
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displays. Consequently, the origin of the hand should
be close to the lower-left corner of the interface, and
the distance from the origin of the hand to the

interface was assumed to be 15 cm. On the basis of
the configuration, the interface could be therefore
regarded as a space containing 4 6 4 units of 10 6
10 cm2 area. Then number one through nine was
assigned to each element as index number for further
analysis. The mapping of elements to the interface was
shown in Figure 5.

Before the analysis, some assumption should be
established to facilitate the calculation of transitional
cost. First, the parameter d in the difficulty index was
calculated based on the distance from the centroid of
one element to another. Second, the parameter s in the
difficulty index was determined based on the button
size. There were three different button sizes – 1.5, 5 and
6 cm for small, medium and large buttons, respec-
tively, and the parameter s was determined by the
button size contained in the target elements accord-
ingly. For example, to calculate the transitional cost
from E5 to E6, the distance parameter d was calculated
form the centroid of E5 to the centroid of E6, and the
effective target width parameter was 1.5 (the button
size of keypad).

3.2. Traditional link analysis method

On the basis of Table 1, the traditional link table could
be constructed in Table 6. This unweighted table could
only show how many links between elements in one
run of nine functions and did not contain any
information about moving directions. However, it
was sufficient to traditional LA method and the
original interface can be improved in terms of the
proximity between elements. Figure 6 compared the
original interface with the modified interface through
traditional LA.

Table 5. The functions of the boiling water reactor (BWR)
interface (Dix et al. 2003).

Functions and operations

Relative
frequency
of usage
(per 100
times)

1. Start up: Warm up reactor to minimal
power, Operations: O!Start Up!O

1

2. Preset: Operate reactor under presetting
condition, Operations: O!Preset!Keypad
(no. of presetting condition)!Confirm!O

10

3. Shutdown: Shutdown reactor, Operations:
O! Shut Down!Confirm!O

1

4. Alarm Mode: Adjust sensitivity of alarm,
Operations: O!~/ !!O

15

5. Manual override: manually set pressure/
temperature, Operations: O!Pressure/
Temp!Keypad (no. pressure/temp
in psi or degree)!Confirm!O

10

6. Water level control: Riase/lower water
level inside the reactor, Operations:
O!Raise/Lower!O

35

7. Rod position control: Adjust rod position
to control reaction speed, Operations:
O! Insert/Withdraw!Keypad
(no. of reaction rod)!Confirm!O

20

8. Output control: Couple/decouple generator
to output circuit, operations:
O!Open/Close!Confirm!O

4

9. Cancel operations: Terminate all
indecisive operations, operations:
O!Cancel!O

4

Note: O: origin of the hand as in Figure 4.

Figure 5. The mapping of conceptual elements to the real interface.
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The improvement through traditional LA was
obvious that the distance of link E1–E6, E1–E4 and
E5–E7 was shortened. From a usability point of view,
the overall movements required for operating the
interface would be reduced effectively so that excessive
physical demand and possible upper extremities
discomfort could be ameliorated in the long term.
However, the position of E3 (Manual Override), E4
(Run Mode) and E1 (Rod Control) was interchange-
able. Even if the interface was vertically or horizontally
flipped, the assessment would be the same based on
traditional LA as long as the relative distance and
location among control elements remained the same.
Figure 7 showed the flipped interfaces and the
vertically flipped interface would be more difficult to
operate if the operation originated from the lower-left
corner. In fact, the operation would not always

originate from the centre of the interface, especially
for those relatively large interfaces. For those inter-
faces of which the origin of the hand was not at the
centre, the relative distance and location of control
elements to the origin should be taken into considera-
tion in addition to the relative distance and location
among control elements.

3.3. Improved link analysis method – modified link
table and optimisation-based algorithm

According to improved LA method suggested in this
study, a modified link table could be constructed in
Table 7. Note that the rows represented all starting
elements and the columns stood for all target elements
for operations. O signified the extra element of the
hand origin and shaded area, which were cells in the

Table 6. Traditional link table ( unused area).

Figure 6. Comparison of the original (left) and the modified (right) interface through traditional link analysis. The thickness
represents the strength of link.
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first column and the first row, showed the weighted
strength of link between each element and the hand
origin. The link values were calculated based on
Equation (4). The importance of all elements was not
manipulated in that the importance could not easily be
reflected by completion time and the succeeding
validation considered completion time the only depen-
dant variable. Then, based on the information
provided by Table 5 combined with the physical
dimension of the interface, the accessibility and PI
could be calculated separately by Equations (18) and
(19). Those indices were tabulated in Table 8.

On the basis of Table 8, the sequence of the
elements considered in the searching tree could be
determined by AI and PI associated with arranged
elements in different phase. For example, in the first
phase the hand origin (O) was the only element
arranged, so E2 (AI ¼ 0.26) would have the highest
priority and entered the searching tree first. After E2
was arranged, E1 should be the next element to be

considered because E2 did not link with any elements
and E1 had the highest AI (0.05) except for E2. Then
after E1 was arranged, E6 should be the next one
because:

Priority of Es ¼ AIs þ
X

PIis
All arranged items

 !
ð20Þ

Priority of E3 ¼ AI3 þ PI23 þ PI13ð Þ
¼ AI3 þ 0þ 0 ¼ 0:03 ð21Þ

Priority of E4 ¼ AI4 þ PI24 þ PI14ð Þ
¼ AI4 þ 0þ 0 ¼ 0:03 ð22Þ

Priority of E5 ¼ AI5 þ PI25 þ PI15ð Þ
¼ AI5 þ 0þ 0 ¼ 0:01 ð23Þ

Priority of E6 ¼ AI6 þ PI26 þ PI16ð Þ
¼ 0þ 0þ PI16 ¼ 0:15 ð24Þ

Table 7. Modified link table.

Figure 7. Flipped interface (left: vertically flipped; right: horizontally flipped).
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Priority of E7 ¼ AI7 þ PI27 þ PI17ð Þ
¼ AI7 þ 0þ 0 ¼ 0:01 ð25Þ

Priority of E8 ¼ AI8 þ PI28 þ PI18ð Þ
¼ AI8 þ 0þ 0 ¼ 0:00 ð26Þ

Priority of E9 ¼ AI9 þ PI29 þ PI19ð Þ
¼ AI9 þ 0þ 0 ¼ 0:00 ð27Þ

And then E7 had the highest priority after E6 was
arranged (Priority of E7 ¼ AI7 þ PI67 ¼ 0.12).
Through a similar way E3, E4, E9, E8 and E5 were
arranged in sequence. Figure 8 shows the whole
searching tree that in each phase only the optimal
and the sub-optimal layout were kept for further
branching. By applying geometric constraint (E9, E8
and E5) the searching can be done with in seven phases
and in each phase there were usually only four layouts
to be compared. (There were six layouts to be
compared in phase 4 because two layouts had the
same TS value in addition to the optimal one in phase
3.) The selection of candidate layouts in each phase
followed the searching principle in the algorithm so
that alternative positions for the element to be
arranged would be fewer than all possibilities. In this
case, none of the elements had to try more than five
positions. Therefore the optimal layout can be
obtained within 50 calculations. The optimal layout
is shown in Figure 9. It is worth noting that in
comparison with modified interface by traditional LA
method, the linking structure of E1, E3, E4, E5, E6 and
E7 was kept, while the link between E7 and E8 was
sacrificed to trade off available space closed to the
hand origin for E2 and E9, which demanded more
accessibility. Although the linking structure was
moved to the right side and its transitional cost would
increase to some extent, the overall cost of the optimal
interface would be still better than traditionally
modified one (6.01 vs. 6.26) based on quantitative
assessment. The numeric difference between these two
interfaces seemed relatively small, but it could cause

significant difference under intensive and repetitive
operating every day.

3.4. Experimental validation

To validate the quantitative assessment and the
improvement of the new method, an experiment was
conducted to compare the temporal difference of
operating three interfaces.

3.4.1. The layouts

The layout of RAN (RAN stands for ‘randomised’)
interface was generated randomly and used as a
baseline measurement of operating time. The TLA
(TLA stands for ‘modified by traditional link analysis’)
and OPT (OPT means ‘modified by improved link
analysis method’ suggested in the study) interfaces
were modified by traditional and improved LA
method, respectively (see Figure 10). The different
design of layouts would be regarded as independent
variables in the experiment and the completion time of
performing a simulative task on these three interfaces
would be measured as the dependent variable and
analysed statistically.

3.4.2. Subjects and experimental task

Six subjects (three males, three females, all college
students aged 20*30 and right-handed) were recruited
to perform a simulated task consisted of 20 operations
(see Table 9) (Similar validation studies also used this
similar amount of subjects; see Wu and Liu 2009). The
20 operations were composed of a mixture of nine real-
world functions in Table 5 and the repetitions of each
function were designed to be comparable with relative
frequencies in Table 5. The subject was required to
perform two trials of experimental task on three
interfaces, and the variability of completion time
between two trials on the same interface should not
exceed 5%. Otherwise, the subject needed to perform
another trial until the criterion of variability was
satisfied. During the experiment, both the run order
of operations and the sequence of interfaces were
randomised to eliminate any learning effects and time
effects. In addition, a practice trial was given to the
subject before the experiment and extra time of
practice was available if the subject or the experimenter
felt necessary.

3.4.3. Experimental setup

The environmental setting of the experiment is shown
in Figure 11. A testing panel was placed on the desk
and the interface to be tested was attached to the right

Table 8. Accessibility and proximity indices.

Accessibility priority
index (AI)

Proximity priority
index (PI)

AI1 ¼ 0.05 PI16 ¼ 0.15
AI2 ¼ 0.26 PI36 ¼ 0.07
AI3 ¼ 0.03 PI46 ¼ 0.07
AI4 ¼ 0.03 PI57 ¼ 0.01
AI5 ¼ 0.01 PI67 ¼ 0.11
AI6 ¼ 0.00 PI87 ¼ 0.00
AI7 ¼ 0.01 (All other PI ¼ 0)
AI8 ¼ 0.00
AI9 ¼ 0.04
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side of it. A switch was placed on the surface of the
desk at a distance of 15 cm in front of the panel to
control the hand origin and linked to a timer.
Another indicator was placed on the top of the panel
and linked to the probe attached to the subject’s right
index finger so that whenever the subject correctly
touched the button, it would light up. The subject
was instructed to adjust posture to his/her preference
and the distance of the panel was adjusted accord-
ingly so that the subject could reach the farthest
button without any difficulty and place the tip of their
right index finger on the switch as the elbow can rest
on the desk surface.

Figure 8. The branch-and-bound searching tree.

3.4.4. Experiment procedure

Before performing the experimental trial, subjects were
asked to perform each step in the operation in a
smooth trajectory without jerking motions. To elim-
inate the effect of cognitive effort and visual search,
subjects were also allowed to familiarise the sequence
of steps in advance and then smoothly perform the
task as quick as possible. When subjects were asked
to perform the task, firstly the experimenter would
give him/her the number of the operation to be
performed in the task. Then s/he would check the
experimental procedure sheet attached to the left side
of the panel to find out the operation and push the

12 C.-J. Lin and C. Wu
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buttons step-by-step. Each operation began and
ended with a click of the switch, and contained one
to six buttons to be pushed in between. The total
completion time (CT) of one task would be recorded
in the computer. If during the task one button was
not touched correctly (the indicator would not light
up), an error associated with the operation would be
recorded and the subject would be asked to do the
operation again. After trials were done, variability in
terms of CT within two trials would be calculated to
determine if another trial was necessary. After two or
more trials were done in one interface and the

variability fulfilled 5% criterion, 10 min break would
be given to the subject. Then the procedure would be
repeated on another interface until all three interfaces
were tested.

3.4.5. Experimental results

The results of interface testing are shown in Table 10.
The CT were separated into two components: the
completion time of operations that were only associated
with accessibility (AT, contained time of operation 3, 4,
5, 6, 10, 11, 13, 14, 15, 16 and 20) and the completion
time of proximity-associated task (PT, contained time
of operation 1, 2, 7, 8, 9, 12, 17, 18 and 19). On average,
subjects completed experimental task significantly faster
on the OPT interface than on the TLA interface and
RAN interface. Figure 12 compared the CT on three
interfaces. The difference between three interfaces
seemed relatively small, but if we further compare AT
in Figure 13, the performance on the OPT interface
significantly outweighed the TLA and the RAN inter-
face. To test this significance, statistical analysis was
then conducted to examine the significance level of
difference of CT, AT and PT on three interfaces.

CT, AT and PT were examined by Kolmogorov–
Smirnov test to assess their normality. None of them
showed significant evidence that the normality assump-
tion was violated. Then they were analysed by the
general linear model in which the interfaces were
regarded as fixed factor and the subjects were regarded
as random factors. The ANOVA table was shown in
Table 11 and the results of Tukey’s pair-comparison
were shown in Table 12. The statistical results showed
that CT and AT were significantly shorter on the OPT
interface (95% C.I. 4 0 and did not contain 0). And
PT was significantly longer on RAN interface.

Figure 10. Three interfaces to be compared and their TS value. RAN (TS ¼ 6.94), TLA (TS ¼ 6.26), OPT (TS ¼ 6.01).

Figure 9. The optimal interface layout.
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Figure 14 shows the effect plots of interfaces. Both
TLA and OPT interface could improve PT perfor-
mance significantly, but only OPT interface can
significantly improve AT performance on RAN inter-
face and its PT performance was about the same with
the TLAs (no significant difference), and therefore only
OPT interface could have a significant improvement
over RAN interface in terms of CT. If we calculated
the first two components in Equation (7), we would see
the difference between the OPT and the TLA interface
was 0.26 (3.88 vs. 4.14) while the difference of the last
two components between the two interface was only
0.02 (2.13 vs. 2.11). So the results were compatible to
the assumption that the OPT interface would outweigh
the TLA interface by its performance in operations

associated with accessibility (AT) but PT would be
similar between two interfaces.

4. Discussion

An improved LA method based on a modified link
table and an optimisation-based algorithm was pro-
posed in this study and its effectiveness was validated
through a case study and a corresponding experiment.
The modified link table contained necessary informa-
tion for considering both accessibility index and
difficulty index in computing overall transitional cost,
and the algorithm combined with the modified link
value helped finding out optimal interface layout based
on the physical features of control elements, relative

Table 9. Experimental task.a

Number Function Operation

1 Preset O!Preset!Keypad(1)!Confirm!O
2 Output control O!Close!Confirm!O
3 Water level control O!Raise!O
4 Water level control O!Raise!O
5 Water level control O!Raise!O
6 Alarm mode O!!!O
7 Rod position control O!Withdraw!Keypad(2)!Keypad(3)!Confirm!O
8 Manual override O!Pressure!Keypad(3)!Keypad(0)!Keypad(0)!Confirm!O
9 Preset O!Preset!Keypad(8)!Confirm!O
10 Alarm mode O!~!O
11 Alarm mode O!~!O
12 Rod position control O! Insert!Keypad(1)!Keypad(5)!Confirm!O
13 Water level control O!Lower!O
14 Water level control O!Lower!O
15 Water level control O!Lower!O
16 Cancel operations O!Cancel!O
17 Manual override O!Temp!Keypad(1)!Keypad(2)!Keypad(5)!Keypad(0)!Confirm!O
18 Rod position control: O! Insert!Keypad(2)!Keypad(3)!Confirm!O
19 Rod position control O!Withdraw!Keypad(1)!Keypad(5)!Confirm!O
20 Water level control O!Raise!O

aThe repetition of the operations tends to simulate the relative frequency indicated in Table 5.

Figure 11. Environmental settings of experiment (Left: front view; right: side view).
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frequency of usage and the assumed hand origin.
Through the case study, the method showed its
practicality as well as feasibility, and the experimental
result based on the case proved the assumption that,
through the improved method, the interface layout can
be generated optimally by trading off proximity
between elements with accessibility relevant to the
hand origin.

The usability, in its nature, involves with many
subjective attributes. Besides physical and physiologi-
cal considerations, psychological characteristics of
individuals as well as socio-environmental conditions
heavily influence user experience (Dan et al. 2008). The
interface operation combines cognitive tasks, including
visual search, recognition of items, decision making,
etc., with physical movements. On one hand, there is
indeed a preceding cognitive component before the
movements can be executed, and its difficulty of
completion varies with a variety of cognitive features
such as affordance of the interface (Donald 1999),
similarity between items (Yin and Lee 2004), or layout
density (Palmiter and Elkerton 1987). Not all of these
features can be objectively quantified and the usability
based on the same cognitive features can be highly
context dependent, affecting by the interaction between
tools, problems and individuals (Hornbæk 2006). On
the other hand, it appears adequate to separately
analyse the time for the movement, estimate the time
for cognitive task and add them up for sequential
cognitive-manual task because the movement time is
predetermined by the Fitts law component (Hoffmann
and Lim 1997). Therefore, not a single design
technique can be sufficient in evaluating usability
thoroughly and comprehensively in that it is unlikely
a single method can account for all cognitive and
physical aspects mentioned above as well as their

Table 10. Completion time of the entire task.

Interface

Average completion time (standard
deviation) (unit: seconds)

CT AT PT

OPT 41.86 (4.73) 15.66 (1.65) 26.20 (3.24)
TLA 45.64 (5.04) 18.97 (2.05) 26.67 (3.19)
RAN 47.70 (4.31) 18.56 (1.83) 29.14 (2.62)

CT, total completion time; AT, completion time of accessibility-
associated task; PT, completion time of proximity-associated task.

Table 11. ANOVA of CT, AT and PT.

Independent
variable Factors F p R2

CT Interface F(2,10) ¼ 28.70 0.000* 95.80%
Subject F(5,10) ¼ 34.10 0.000*

AT Interface F(2,10) ¼ 44.25 0.000* 95.13%
Subject F(5,10) ¼ 21.36 0.000*

PT Interface F(2,10) ¼ 19.95 0.000* 95.52%
Subject F(5,10) ¼ 34.67 0.000*

*significant: p 5 0.05.

Table 12. Tukey’s pair-comparison of CT, AT and PT.

Independent
variable Pairs 95% C.I.

CT RAN-OPT (3.696, 7.989)*
TLA-OPT (1.638, 5.930)*
TLA-RAN (74.205, 0.88)

AT RAN-OPT (1.848, 3.952)*
TLA-OPT (2.258, 4.362)*
TLA-RAN (70.642, 1.462)

PT RAN-OPT (1.570, 4.315)*
TLA-OPT (70.898, 1.847)
TLA-RAN (73.841, 71.096)*

*significant: p 5 0.05.

Figure 13. Comparison of completion time associated with
accessibility on three interfaces.

Figure 12. Comparison of total completion time on three
interfaces.
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interaction with environment. However, the improved
LA method certainly reduces physiological expenditure
because shorter movements in the long term result in
less fatigue and in turn a less operation time, which is
already validated by the experiment. In addition, the
method still keeps the flexibility that the Gestalt-laws
or law of proximity can be enforced by grouping
sub-elements. Although improved LA method does
not necessarily improve all aspects in usability
concerns, in a sense, LA considers functional

proximity while optimises physical distance and layout
to achieve minimal temporal and physiological cost in
using the interface frequently. Other factors such as
conceptual compatibility, recognition, affordance, etc.,
are currently outside the consideration of LA. Even so,
the improved LA method can still help in providing a
quantitative evaluation in addition to above usability
considerations. A revision of the outcome of LA can
also be done by usability experts while the method
itself still provides basis for comparing alternatives.

The improved method can be applicable to
representatively fixed and cognitively simple ( i.e. do
not require a lot of cognitive work) interfaces by which
users perform procedural operations to complete
certain tasks for the overall transitional cost can be
define more specifically and representatively by the
method. The application of the current modified LA
method becomes more effective when there are many
physical movements between the hand and user
interfaces. Also for repetitive and continuous opera-
tion of interfaces, the improved method can signifi-
cantly decrease the physical movement demand and
alleviate the extent of fatigue as well as its consequent
risk, such as injuries and high error rates. The other
application of this method can be design of error-prone
control interface with high cost of system recovery
because the importance is also considered in the link
value suggested by this method and can be reflected in
the layout design.

Recent link-related studies such as Sears (1993) and
Sargent et al. (1997) considered the overall transitional
cost as a function of physical features of control
elements, the distance between elements and the
relative relationship between elements and they also
used optimisation-based algorithm to obtain alterna-
tive layouts. Comparing to their methods, the im-
proved LA method suggested in this study took the
influence of initiation as well as ending of the
operations into consideration and quantified the
accessibility using difficulty index in 3D pointing
task. Hence two important components, movements
between the user and the interface (U-I movements)
and within interface movements (W-I movements), can
be integrated into one objective function and both
frequency and importance are considered in the link
value. When the control interface is relatively large and
physical movements are still required for operating, the
accessibility of control elements with respect to the
user’s position or initial posture may play a more
important role than the proximity between them. In
fact, such large-scale, accessibility-required control
interfaces are still commonly used in many systems
such as a real-world nuclear power plant, manufactur-
ing plants and military bases. The system can possibly
be controlled by a smaller, computerised program with

Figure 14. Effects of interfaces on CT, AT and PT
(*significance in Tukey’s pair-comparison).
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graphical user interface as well, but the necessity of
operating an interface, which results in difficulty of
both reaching and repetitive operations, and demands
more physical movements, does exist.

There are several limitations of the current study.
First, in the validation experiment we used only six
subjects and they were not real operators in the nuclear
power plant. In future studies, more subjects and
operators in real operation systems need to be re-
cruited.On theother side of the coin, thiswas amethodo-
logy study (it focuses on improving a method),
which was different from traditional experimental
studies whose contribution and conclusion mainly
rely on experimental data and require relatively larger
number of subjects. In human–computer interaction
(HCI) and human factors studies, to validate new
methods or conceptual deign through new methodol-
ogy, typically no more than 10 subjects would be used
and similar number of subjects has been used in
previous studies (Hoffmann and Lim 1997, Grobelny
et al. 2005, Wu and Liu 2009). In addition, the purpose
of using BWR in this study was mainly to illustrate one
of the applications of our method. The interfaces can
be BWR, a cellular phone interface, a microwave
operation interface, or a car radio interface. Indepen-
dent of target interface and target user population, the
improved method should work in general. Moreover,
for a simplified interface of BWR (not a realistic one),
it is possible that professional operators would not
behave drastically different from those college subjects;
and other methodology studies also only used the
college students to validate the methods (Brinkman
et al. 2005, Grobelny et al. 2005, Segall et al. 2005,
Brinkman et al. 2008). Therefore, we only selected
college students as subjects and let them operate a
simplified BWR. Second, for relative small interface
without involving many U-I movements, the improved
method may not be as influential as being used on the
large interface due to decrement of physical demand.
The merits of the improved LA method can still be
expected when it is used to improve small interfaces,
but it would be economic to use it on large interface
due to the fact that the method is more complex than
the traditional one. Similar improved LA method has
been applied to a more realistic interface (microwave
control panel) with smaller size in the author’s
previous study (Lin et al. 2008). Third, current method
mainly focuses on UIs that users were already very
familiar with (users know where each element is
allocated); however, for UIs that users are not familiar
with and have to visually search the location of
elements, new cognitive visual search components
need to be added into the current method in future
studies. For interface design, the current method can at
least provide a quantitative evaluation for overall

transitional cost of physical movements, and based on
this foundation, other complementary methods (Wu
and Liu 2008a, Wu and Liu 2008b, Wu et al. 2008c,
Wu et al. 2008d, Wu and Liu 2009) can also be
conducted to assess cognitive efforts needed by the
interface so that the cost of these two aspects could be
balanced and an optimal interface can be achieved
both physically and cognitively.

We are developing new computational methods to
improve traditional widely used user interface design
methods. Currently, the computation of overall
transitional cost was done by formulated worksheet
and it still required a heuristic procedure to find out
the optimal layout and consider geometric constraints.
The future work can focus on implementing computer
software to account for branch-and-bound searching
and geometric constraints. Furthermore, more case
studies should be conducted to see if the method can be
widely used in more complicate interfaces. Finally, the
size of the interface definitely may influence the
effectiveness of the method. Criteria need to be
established to distinguish interfaces which are appro-
priate and economic for the improved method from
those which are more suitable for traditional LA. It is
also possible that some really big panels need other
method, including digital human model, to analyse its
usability in that problems in accessibility exceed the
scope that can be accounted by Fitts’ law and need
biomechanical models for evaluation.
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