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Abstract

Link analysis is one of most wildly used methods in user interface design to arrange control
elements on user interfaces. However, traditional link analysis 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 link analysis 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 and the completion time of accessibility-associated operations were significantly
shorter on the interface modified by the improved method than by the traditional link analysis method,
while the difference of the completion time of proximity-associated operations between the two
interfaces was non-significant. Therefore, although the traditional link analysis method can
significantly ameliorate the random interface by optimizing the proximity between control elements,
the improved method can further improve the total completion time 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.
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1. Introduction

Link analysis (LA) is a quantitative and objective method for examining the relationships
between interface components, which can be used for optimizing component arrangements (Wickens et
al. 2004). It aims to improve interface design by examining the task content, the characteristics of each
individual component 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, difficulty or other characteristics of the movement between two elements. The goal of link
analysis is therefore to minimize the “overall cost” by rearranging the layout while the operator uses
the target interface under certain task requirements.

Traditional link analysis method uses a link table or a link diagram to represent ‘links’ between
interface components. Figure 1 shows a link diagram of an in-car radio, and Table 1 shows its link table.
Each movement 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 distinguished 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. Based on the link table, traditional link analysis would improve the interface by
minimizing the length of existed links on the interface. Figure 2 shows one possible improved interface
layout by traditional link analysis method. Basically, the proximity of all linked elements should be

improved by shortening links.
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Figure 1. Link diagram of an in-car audio

Table 1. Link Table of an in-car audio (B} unused area)
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Figure 2. Improved in-car audio interface by traditional link analysis
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It is obvious that the traditional link analysis method 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 movements (W-I movements) (See Figure 3). In the previous in-car
radio example, a driver may move their hand toward the radio control panel first and then press a
sequence of buttons to achieve a desired function, such as searching his or her favorite station. The
movement of his or her hand toward the panel is a U-I movement while the movements betweens
functional buttons on the panel are W-1 movements. The link table referred by traditional link analysis
method 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-1 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 minimize 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-1 movements to access the user interface. Hence, the easiness of

performing U-1 movements (called “Accessibility” in this paper), should be considered.

----% U-l movements

—»W-I movements

Figure 3. Movements between the user and the interface (U-I) and within interface (W-I)
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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 determinant of time performance and the difficulty index, such as log,(2A/W) proposed by
Fitts (Fitts 1954) and other modified index for either bivariate or 3 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, 2 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 optimization.

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 2 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 a 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.

Link analysis method is supposed to be consistent if it is conducted by different professionals,
but the procedure of conducting varied significantly. Previous link-related studies suggested different
link analysis methods when 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
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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 link analysis, applicable interfaces should be defined by demand properties
(physical/cognitive), representation features (fixed/dynamic) and expected user behaviors
(procedural/random). If the demand properties, the representation features and the expected user
behaviors 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 In
Press). However, most of these studies were conducted by experts of computer science, and they
focused on how to match programming specifications to a given widget library to generate a layout
based on the designer’s point-of-view, maximizing 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 link analysis 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-1 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 movements 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
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W-1 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 considered the representative of
transitional cost and weighted by the link values. Hence, the weighted index difficulty can be more
representative of overall transitional cost. Finally, the overall transitional cost would be optimized
through the branch-and-bound algorithm. 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 optimize 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-1 movements were
used in the algorithm as the cost to be minimized. 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 existed transitions, including U-I and W-I movements. 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 (minimizing overall
transitional cost) and the optimization-based layout generation algorithm would be explained in the

following.
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2.1 Overall Transitional Cost

The goal of link analysis is to minimize the overall transitional cost while the user operates an

interface. This notion can be stated as the following expression:

Overall Transitional Cost = Z(Weight of Transition x Cost of Transition) ..........cccceevnen. 1)

All Transitions

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 (Hornbak 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 minimization 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 link analysis method, there are two problems to be addressed—the
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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 incorporated in the modified link table.
Traditional link table listed only elements to be considered on the interface and only half of the table

was used (See Table 2).

Table 2. Traditional link table ( unused area)

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 utilized. The modified link table is shown in Table 3. All start points
are defined in rows and all targets are defined in columns, respectively. The 1% column and the 1% row
represent all U-I movements because O stands for the origin of the hand. In consequence, the link
values Lg; represents the frequency-importance composite weight of movement from origin to element i.
Similarly, the link values Lio represents the weight of movement from element i to origin. Ljjfor any i+
j#0 stands for the weight of movement from element i to element j. In this modified table, the
identification of U-1 movements and directions of all movements is possible. This would facilitate

computation of difficulty indices based on different types and directions of movements.
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Table 3. Modified link table

Targets

Start Points <

En LnO Lnl I—n2

2.3 Composite Importance-Frequency Weight

The link values in the link table, ideally, should be a composite importance-frequency weight of
each transition. However, traditional link analysis 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 procedure is going to do. Since 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 specified period of time can be obtained by an

observation or a survey. When it is not possible to conduct such an observation, survey or the target

10
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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-term usage.

Then the relative frequency index of function k can be computed as the following:

Fk: k (Frequency Index of Function k) ; o< Fk <1; Z Fk =L s (2)
fk k=1

1l MB —

=

1

where m is the total number of functions, and fi 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
following 2 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 replaced 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:
ci
2,

Ik:%(lmportance Index of Functionk); Iv=1(0,1); Dl =1 i, (3)

m k=1

where iy 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 L;;should be:

Lij= Z I, - F Cy (Link value form E;to E j; foralli # j) oo 4

k=1

where Cijx 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.

2.4 Difficulty Index of U-1 and W-1 movements

Mackenzie (1989) suggested the following modified difficulty index for 2 dimensional

movements:(MacKenzie 1989)

DI2D=1002(A/SH1.0) 1ottt b ettt eenre s (5)

11
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where d and s are the distance from the starting point to the target and the size (diameter) of the target,
respectively. Murata (2001) extended this index to account for 3 dimensional movements: (Murata and

Iwase 2001)
Dl3p=1002(d/SH1.0)H0.5 SIN 7 ..crreiiiiece et e (6)

where @ is the directional angle relative to the target. In this study, DIlsp and Dl,p are used as the

difficulty index of U-1 and W-I movements, respectively. For movements from interface back to hand

origin, the target size is regarded as infinity and the Dl3p becomes 0.5 sin 6.

2.5 Objective Function of Optimization

Consider a target interface with n elements to be arranged in a rectangular space. This area is
assumed to have PxQ 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 Uy, can be computed as:

Te= Ly, -Dlyp(0,E) + Lso- DIy (E;,0) + > Ly - Dl (Eq E) + D Ly - Dl (B EQ) vevvvneennne (7
j=1

i=1

where Dl,p/sp(E1,E2) signifies the 2D/3D difficulty index of transition from E; to E». Los, Lso, Lsi and Lis
can be found in the link table at the corresponding cells, and DI can be computed based on Equation (5)
and (6). Therefore, the objective function to optimize the overall transitional cost of using this interface

would be:

MINIMIZE D T, i (8)

s=1

2.6 Layout Generation Algorithm

The solution of optimization problem can be difficult and complicate if mathematical or
computational method is utilized (Wu and Liu 2004c, Wu and Liu 2008a, Wu et al. 2008d). One of the
heuristic ways to solve this optimization 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

12
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feasible heuristic algorithm. First, instead of using frequency as the only priority index to decide the
sequence of entering searching tree, 2 new indices, Accessibility Priority Index (Al) 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 Al 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= Ly DIy (0,E) + Lso- Dlyp (E(,0) + > Ly - Dl (Eg, E) + D Lig - Dl (B Ep) v )
i=1 j=1

Los - Dlyp (O, E,) = Ly, -[10g, (dog /S, +1.0) +0.58INO] =W, x (0, 0) coomvvrirrirciirieieiieeiens (10)

Ly - Dlyp (E;,0) =Ly, -[0.5SING] =Wy X (B) wvvrrrirerinriecierissiseieesessessessesiessessesss (11)

Ly - Dlyp (Ey, E;) = Ly 100, (dg /5, +1.0) = W X F(Ag) cerrreermreermemsnmesnneseessseesseeeseseseesseesseneens (12)

L. - Dlyp (E;, E.) = Ly, 109, (/S +1.0) = Wig X T (0] cerrreermrerermsnmmsneessesersesssesesesssesssnnens (13)

The value of W, Wy, Wsiand Wis are predetermined 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= Ly -[100, (175, FL1.0)] ot (14)
Wom Lig:0 =0 oo (15)
Wii= L -[100, (178, +1.0)] oo (16)
Wis= L -[100, (175, +1.0)] o (17)

Since Equation (14) and (15) relates to U-I movements, W, and Wy, can be considered

accessibility priority index:

Similarly, Equation (16) and (17) relates to W-1 movements, W,s and Wy, can be regarded as

proximity priority index:

13
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Plis: ng +Wig ............................................................................................................................ (19)
The priority index is then determined by
(Als+ Z Pl ) i (20)

All arranged items

In the first phase, only the hand origin (O) is available, and so the element with highest Al 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 center would be determined first by considering Equation (20). For an element to be

arranged (Es), if Als> z Pl , then the searching center should be the hand origin. And if

All arranged items

Al< Z Pl , the searching center should be the element i. The algorithm considered the position

All arranged items

closest to the center first and then shift concentrically until the DT, could not be further

Allarranged items

improved. In case Al= »" Pl , the algorithm would consider the hand origin as the center because

All arranged items

the accessibility consider 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 optimization-based algorithm was summarized in Table 4.

14
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Table 4. Branch-and-bound algorithm

N ook wbdE

©

10.

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 Al and Pl

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. (Min ZTS )

Allarranged items
Check if there is any geometric constraint to be enforced.
Check if all elements are arranged (As=1 for all A, s=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 = (Als+ Z Pl,)

All arranged items

A Case Study and Experimental Validation of the Improved LA Method

3.1 Background

For demonstration and validation purposes, a simplified control interface of a boiling water reactor

in a real-world nuclear control system and operation was utilized 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 9 elements to be arranged. Each one of them was either only 1

button or a functional group of several buttons. The functions of the interface and their relative

frequency of usage are listed in Table 5.

Water Level Manual
Rod Contral} ooy Ceaige | RunMode

Space for relevant bt | Rabe | Presse | Suilp
. oy Oy O
displays

Withdraw Lower Temp Presel

a

Keypad Shut Down
Output Execution

.. open i CIEIE]E conm
Oriain of the hand O FEE @Q

\ Close E Cancel D A
Wl OO0 O Oy

Figure 4. The simplified design of the boiling water reactor (BWR) interface (Dix et al. 2003)
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Table 5. The functions of the boiling water reactor (BWR) interface (Dix et al. 2003)

Functions and Operations Relative Frequen_cy of Usage
(per 100 times)

1. Start Up: Warm up reactor to minimal power 1
Operations: O— Start Up—0O
2. Preset: Operate reactor under presetting condition 10
Operations: O—Preset—Keypad(# of presetting condition)—Confirm—0O
3. Shutdown: Shutdown reactor 1
Operations: O— Shut Down—Confirm—0O
4. Alarm Mode: Adjust sensitivity of alarm 15
Operations: O— A/V—0
5. Manual Override: Manually set pressure/temperature
Operations: O—Pressure/Temp— Keypad (# pressure/temp in psi or degree)—Confirm 10
—0
6. Water Level Control: Riase/lower water level inside the reactor 35
Operations: O— Raise/Lower—0
7. Rod Position control: Adjust rod position to control reaction speed 20
Operations: O— Insert/Withdraw— Keypad (# of reaction rod)—Confirm—0O
8. Output Control: Couple/decouple generator to output circuit 4
Operations: O—Open/Close—Confirm—0O
9. Cancel Operations: Terminate all indecisive operations
Operations: O—Cancel—0 4

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 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. Based on the configuration, the interface could be therefore regarded as a space containing 4X4
units of 10X10cm area. Then number 1 through 9 was assigned to each element as index number for

further analysis. The mapping of elements to the interface was shown in Figure 5.

E 1 E2 E3 E4 Insert cl:::::I :r::ldrz Start Up
(GHD2S B I G I R D
El |E2 | B3 | B4 || 5 0 O O
E5 | E6 | E7 | E8 || o = ()
O mEE O
Closa Cancal g Mo‘d:
E5 | E6 | E7 | E9 || & gep &5 O

Figure 5. The mapping of conceptual elements to the real interface
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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 3 different button sizes— 1.5, 5 and 6 cm for small, medium and
large buttons, respectively, and the parameter s was determined by the button size contained in the
target elements accordingly. For example, to calculate the transitional cost from E5 to EG6, 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

Based on 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 9 functions and did not contain any
information about moving directions. However, it was sufficient to traditional link analysis 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 link analysis.

Table 6. Traditional link table ( unused area)

E2 E3 F4 ES E6 E7 Eg E9

[clololBololoRole)

E9
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Water Level
Cantrol

Manual
Overide

‘Water Level Manual

Caniral Override Run Mode

Rod Control Run Mode Qutput

Insert Raise Pressure Start Up Pressure Start Up Open Raise

*The thickness represents the strength of link
Figure 6. Comparison of the original (left) and the modified (right) interface through traditional link
analysis

The improvement through traditional link analysis was obvious that the distance of link E1-ES,
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 a long term. However, the position of E3 (Manual
Override), E4 (Run Mode) and E1 (Rod Control) was interchangeable. Even if the interface was
vertically or horizontally flipped, the assessment would be the same based on traditional link analysis
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 center of the interface, especially for those relatively large interfaces. For those interfaces of
which the origin of the hand was not at the center, the relative distance and location of control elements
to the origin should be taken into consideration in addition to the relative distance and location among

control elements.

18
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Alarm Mode Water Level Manual

Rod Control Keypad Execution |:| N Control Output Run Made Ovenide
Insert 1112(3 Confirm Raise Open Start Up Pressure
O o U

Shut Down
Withdraw

-

Water Leval
Contraol

Manual
Queride

Pressuy Raise

Figure 7. Flipped Interface (Left: Vertically flipped Right: Horizontally Flipped)

3.3 Improved link analysis method—modified link table and optimization-based algorithm

According to improved link analysis method suggested in this study, a modified link table could be
constructed in Table 7. Notify 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 1% column and the 1% 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 dependant variable. Then,
based on the information provided by Table 5 combined with the physical dimension of the interface,
the accessibility and proximity priority index could be calculated separately by Equation (18) and (19).

Those indices were tabulated in Table 8.

Table 7. Modified link table

E2 E3 E4 ES5 E6 E7 Eg E9

0.35 0.1 0.11 0.04 0 0.04 0.01 0.15
El 0 0 0
E2 0.35 0 0
E3 0 0 0
E4 0.01 0 0
E5 0 0 0
E6 0 0 0
E7 0.49 0 0
E8 0 0 0
E9 0.15 0
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Table 8. Accessibility and Proximity Indices

Accessibility Priority Index (Al) Proximity Priority Index (PI)

A|1: 0.05 P|16: 0.15
Al,=0.26 Plss= 0.07

Algz 0.03 PI4G: 0.07

A|4: 0.03 P|57: 0.01
Als=0.01 Plg;=0.11
Alg=0.00 Plg;= 0.00
Al,=0.01 (All other P1=0)
Alg=0.00

Aly=0.04

Based on Table 8, the sequence of the elements considered in the searching tree could be
determined by Al and PI associated with arranged elements in different phase. For example, in the first
phase the hand origin (O) was the only elements arranged, so E2 (Al=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 Al (0.05) except for E2.

Then after E1 was arranged, E6 should be the next one because:

Priority Of ES = (Alst D7 Pl ) v (20)
All arranged items
Priority of E3 = (Alg+Plog+Plig) = Alz+0+0 = 0.03.....vrvreeeeesossseeeeeeeeeeesesseesssensssssssssesssseseees (21)
Priority of E4 = (AlLi+Ploa+Pl1a) = AL+0+0 = 0.03.c..orromeeeesoesseeeeeeeeeeeseseeeesoensssesssssssssseseeen (22)
Priority of E5 = (Als+Plos+Plis) = Als+0+0 = 0.0L......r.meeoesosssoeeeeeeeeeeseseeeessensssssssssssssseseees (23)
Priority of E6 = (Alg+Plag+Plig) = 040+ Plig= 0.15 cciiioeeeessssssseeeeeeeeseessseeeeseensesssssssesssssseeee (24)
Priority Of E7 = (Al+Ply7+Pl17) = Al7+0+0 = 0.0 coroovovvveveeeeee oo eeeeeeeees e (25)
Priority of E8 = (Alg+Plg+Pl1g) = Alg+0+0 = 0.00 ... oovvvveeoreeeseeeeeeeeeesseseseseeeeeseeeseeesesseeeees (26)
Priority of E9 = (Alg+Plag+Pl16) = Alg+0+0 = 0.04 .vvvvvveoereeeseeeeeeeeeesseseseeeeeeeeeeoeesesesseeeees 27)

And then E7 had the highest priority after E6 was arranged (Priority of E7 = Al; + Plg;= 0.12).
Through a similar way E3, E4, E9, E8 and E5 were arranged in sequence. Figure 8 showed 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 7
phases and in each phase there were usually only 4 layouts to be compared. (There were 6 layouts to be
compared in phase 4 because 2 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
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that alternative positions for the element to be arranged would be fewer than all possibilities. In this
case, none of the element had to try more than 5 positions. Therefore the optimal layout can be
obtained within 50 calculations. The optimal layout was shown in Figure 9. It was worth notifying that
in comparison with modified interface by traditional link analysis 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 2 interfaces seemed relatively

small, but it could cause significant difference under intensive and repetitive operating every day.
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Phase 1 (E2)
e | |e2
R s
© TS=1.63 TS=1.61
Phase 2 (E1)
E1
o
e2 | E2er | Bte2 | | |E2E1
e2 | | | e2er | 12 | | |E2/E1]
TS=2.31 TS=2.18* TS=2.15* TS=2.22
Phase 3 (E6)
E6 E6
s | | |ES|
E2E1e6, | |E2E1 | | E1E2 | | |E1E2ES
E2E1E6] | E2[E1 | | |E1E2 | | |[E1E2ES6
C TS=2.77*  TS=294  TS=2.92*  TS=2.92*
Phase 4 (E7)
E7 E6 E7 E6 E7 E7
e i e e e e B e e TR B
E2E1e6| | E2lE1E6E7 E1E2 | | E1E2 | | |E1E2E6E?7 |E1E2ES6
E2E1E6| | |E2/E1E6E7 |E1E2 | | [E1E2 | | |E1E2E6E?7 |E1E2ES
TS=4.03 TS=3.60* TS=3.91 TS=4.18 TS=3.75* TS=4.18
Phase 5 (E3)
E3 E3 E3 E3
Ees | | | 3 | | e | | | | [E3

E2E1E6E7 |E2E1E6E7 |E1E2E6E7 E1E2E6ET7
E2 E1E6/E7| |E2)E1E6E7| |E1E2E6E7 |E1E2E6E7

TS=4.354* TS=4.349* TS=4.503 TS=4.498
Phase 6 (E4)
E3 E4 E3|E4 E4|E3 E3|E4
E3 E4 E3_E4_ E4_E3_ _E3_E4

E2 E1E6|E7| |E2/E1E6E7 |E2E1E6E7 |E2E1E6E7
E2 E1E6E7 |E2)E1E6E7 E2/E1E6|E?7| E2E1E6ET7
TS=5.168 TS=5.139* TS=5.139* TS=5.163
Phase 7 (E9; E8 and E5 could be determined subsequently due to geometric constraint)
Es/E3 E4/E5| |E5E3/E4|E8| |E5|E4 E3/ES| [E8|E4 E3|E5

EQ E3 E4/E5| |E5/E3E4E9 |E5E4E3E9 |E9 E4E3E5
E2/E1E6E7 |E2E1E6E7 |E2E1E6E7 E2E1E6ET
E2 E1E6E7 |E2)E1E6E7 E2/E1E6|E?7| E2E1E6ET7
TS=6.0122195* TS=6.0487054 TS=6.0483073 TS=6.0126175
* Interfaces that were kept for further branching
Figure 8. The branch-and-bound searching tree
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3.4 Experimental Validation
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Figure 9. The optimal interface layout

To validate the quantitative assessment and the improvement of the new method, an experiment

was conducted to compare the temporal difference of operating 3 interfaces.

3.4.1 The layouts

The layout of RAN (RAN stands for “randomized”) interface was generated randomly and used as

a baseline measurement of operating time. The TLA (TLA stands “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 link analysis 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 analyzed statistically.
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3.4.2 Subjects and Experimental Task
6 subjects (3 male, 3 female, 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 & Liu, In Press). The 20 operations were composed of mixture
of 9 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 2 trials of
experimental task on 3 interfaces, and the variability of completion time between 2 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 randomized 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.

Table 9. Experimental Task*

Number Function Operation
1 Preset O—Preset—Keypad(1)—Confirm—0O
2 Output Control O—Close—Confirm—0O
3 Water Level Control O—Raise—~0
4 Water Level Control O—Raise—0
5 Water Level Control O—Raise—~0
6 Alarm Mode 0—-Vv—-0
7 Rod Position control O—Withdraw— Keypad(2)— Keypad(3)—Confirm—0O
8 Manual Override O—Pressure—Keypad(3)— Keypad(0)—Keypad(0)—Confirm—O
9 Preset O—Preset—Keypad(8)— Confirm—0O
10 Alarm Mode O—A—0
1 Alarm Mode O—A—0
12 Rod Position control O— Insert—Keypad(1)—Keypad(5)— Confirm—0O
13 Water Level Control O—Lower—0
14 Water Level Control O—Lower—0O
15 Water Level Control O—Lower—0O
16 Cancel Operations O—Cancel—0
17 Manual Override O— Temp—Keypad(1)—Keypad(2)— Keypad(5)— Keypad(0)—Confirm—0O
18 Rod Position control: O— Insert—Keypad(2)—Keypad(3)—Confirm—0O
19 Rod Position control O—Withdraw— Keypad(1)— Keypad(5)— Confirm—0O
20 Water Level Control O—Raise—~0

*the repetition of the operations tends to simulate the relative frequency indicated in Table [].
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3.4.3 Experimental Setup
The environmental setting of the experiment was shown in Figure 11. A testing panel was placed

on the desk and the interface to be tested was attached to the right 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
subjects’ right index finger so that whenever the subject correctly touched the button, it would light on.
The subject was instructed to adjust posture to his/her preference and the distance of the panel was
adjusted accordingly 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.

Indicator Indicator

Experimental = 1 ;
Procedure S = Q
- 060 o Adjustable Distance
Hand Origin - 000 e TOC 15cm /
mal - k.

Figure 11. Environmental settings of experiment (Left: front view; Right: side view)

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 eliminate the effect of cognitive effort and visual
search, subjects were also allowed to familiarize 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 on the left side of the panel to find out the

operation and push the buttons step-by-step. Each operation began and ended with a click of the switch,
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and contained 1 to 6 buttons to be pushed in between. The total completion time of one task would be
recorded in the computer. If during the task one button was not touched correctly (the indicator would
not light on), 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 total completion time within 2
trials would be calculated to determine if another trial was necessary. After 2 or more trials were done
in one interface and the variability fulfilled 5% criterion, 10 minutes break would be given to the

subject. Then the procedure would be repeated on another interface until all 3 interfaces were tested

3.4.5 Experimental Results

The results of interface testing were shown in Table 10. The total completion time (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). In average, subjects completed experimental task significantly faster on the OPT interface than
on the TLA interface and RAN interface. Figure 12 compared the total completion time on 3 interfaces.
The difference between 3 interfaces seemed relatively small, but if we further compared AT, the
performance on the OPT interface significantly outweighed the TLA and the RAN interface. To testify
this significance, statistical analysis was then conducted to examine the significance level of difference

of CT, AT and PT on 3 interfaces.

Table10. Completion time of the entire task

Average Completion Time (Standard Deviation) (unit: seconds)*

Interface cT AT T
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
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Figure 12. Comparison of total completion time on 3 interfaces
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Figure 13. Comparison of completion time associated with accessibility on 3 interfaces

CT, AT and PT were examined by Kolmogorov-Smirnov test to assess their normality. None of
them showed significant evidence that the normality assumption was violated. Then they were analyzed
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. >0 and did not contain 0). And PT was

significantly longer on RAN interface. Figure 14 showed effect plots of interfaces. Both TLA and OPT
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interface could improve PT performance significantly, but only OPT interface can significantly
improve AT performance on RAN interface and its PT performance was about the same with the TLA’s
(no significant difference), and therefore only OPT interface could have a significant improvement over
RAN interface in terms of total completion time. If we calculated the first 2 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 2 components between the 2 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 2

interfaces.
Table 11. ANOVA of CT, AT and PT
Independent Variable Factors F-value P-value R®
cr A
AT Subjet Foa0-oe oo %A%
. A r

*significant: p < .05

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

Independent Variable Pairs 95% C.I.

RAN-OPT (3.696, 7.989)*

CT TLA-OPT (1.638, 5.930)*
TLA-RAN (-4.205, 0.88)
RAN-OPT (1.848, 3.952)*

AT TLA-OPT (2.258, 4.362)*
TLA-RAN (-0.642, 1.462)
RAN-OPT (1.570, 4.315)*

PT TLA-OPT (-0.898, 1.847)
TLA-RAN (-3.841, -1.096)*

*significant; p<.05
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Figure 14. Effects of interfaces on CT, AT and PT (* significance in Tukey’s pair-comparison)
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4. Discussion

An improved link analysis method based on a modified link table and an optimization-based
algorithm was proposed in this study and its effectiveness was validated through a case study and a
corresponding experiment. The modified link table contained necessary information 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 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
physiological 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 difficulties 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 (Hornbaek 2006). On the other
hand, it appears adequate to separately analyze the time for the movement, estimate the time for
cognitive task and add them up for sequential cognitive-manual task since 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

30



Behaviour & Information Technology (In Press) Lin & Wu

a single method can account for all cognitive and physical aspects mentioned above as well as their
interaction with environment. However, the improved link analysis method certainly reduces
physiological expenditure because shorter movements in a 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 link analysis method does not necessarily improves all aspects in usability
concerns, in a sense, link analysis considers functional proximity while optimizes physical distance and
layout in order 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 link analysis. Even so, the improved link analysis method can still help in providing a
quantitative evaluation in addition to above usability considerations. A revision of the outcome of link
analysis 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 link analysis method becomes
more effective when there are many physical movements between the hand and user interfaces. Also
for repetitive and continuous operation of interfaces, the improved method can significantly 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
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and the relative relationship between elements and they also used optimization-based algorithm to
obtain alternative layouts. Comparing to their methods, the improved link analysis 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-1 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 a
large-scale, accessibility-required control interfaces are still and commonly used in many systems such
as a real-world nuclear power plant, manufacturing plants and military bases. The system can possibly
be controlled by a smaller, computerized program with graphical user interface (GUI) as well, but the
necessity of operating an interface, which results in difficulty of both reaching and repetitive operations,
and demands more physical movements, do exist.

There are several limitations of 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 recruited. On the other side of the coin, this was a
methodology 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 HCI and human factors studies, to validate new methods or
conceptual deign through new methodology, 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 In Press). In addition, the purpose of using BWR in this study was mainly to
illustrate one of applications of our method. The interfaces can be BWR, a cellar phone interface, a

microwave operation interface, or a car radio interface. Independent of target interface and target user
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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 link analysis 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 method is more complex than
the traditional one. Similar improved link analysis 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 Uls that users were already very familiar with (users know where
each element is allocated); However, for Uls that users do 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 In Press) 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
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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. Criterion need to be established
to distinguish interfaces which are appropriate and economic for the improved method from those
which are more suitable for traditional link analysis. It is also possible that some really big panels need
other method, including digital human model, to analyze its usability in that problems in accessibility

exceed the scope that can be accounted by Fitts” law and need biomechanical models for evaluation.

References

Anon, 2008. Boiling water reactor (bwr) nuclear power education program [online]. Acme-Nuclear
Services. Available from: http://www.acme-nuclear.com/ [Accessed Access Date 2008].

Brinkman, W.-P., Haakma, R. & Bouwhuis, D., 2005. Usability testing of interaction components.
Computer-aided design of user interfaces iv. 159-170.

Brinkman, W.P., Haakma, R. & Bouwhuis, D.G., 2008. Component-specific usability testing. Systems,
Man and Cybernetics, Part A: Systems and Humans, IEEE Transactions on, 38 (5), 1143-1155.

Dan, T., Oleg, V.K. & Carl, J.M., 2008. An effort and time based measure of usability. Proceedings of
the 6th international workshop on Software quality. Leipzig, Germany: ACM.

Dennis, J.M.J.D.B., James, D.F. & Kevin, E.M., 1992. Coupling application design and user interface
design. Proceedings of the SIGCHI conference on Human factors in computing systems.
Monterey, California, United States: ACM.

Dix, A., Finlay, J., Abowd, G. & Beale, R., 2003. Human-computer interaction, 3rd edition ed.:
Prentice Hall.

Donald, A.N., 1999. Affordance, conventions, and design. interactions, 6 (3), 38-43.

Du, J.,, Shi, H. & Yuan, X., 2007. Modeling of human's pointing movement on the effect of target
position In Duffy, V.D. ed. Digital human modeling. Springer Berlin / Heidelberg, 48-55.

Fitts, P.M., 1954. The information capacity of the human motor system in controlling the amplitude of
movement. Journal of Experimental Psychology, 47, 381-391.

Grobelny, J., Karwowski, W. & Drury, C., 2005. Usability of graphical icons in the design of
human-computer interfaces. International Journal of Human-Computer Interaction, 18 (2),
167-182.

Hart, S.G. & Staveland, L.E., 1988. Development of nasa-tIx (task load index): Results of empirical and
theoretical research. In N., H.P.A.A.M. ed. Human mental workload. Amsterdam: Elsevier.

Hoffmann, E.R. & Lim, J.T.A., 1997. Concurrent manual-decision tasks. Ergonomics, 40 (3), 293 -
318.

34



Behaviour & Information Technology (In Press) Lin & Wu

Hornbak, K., 2006. Current practice in measuring usability: Challenges to usability studies and
research. International Journal of Human-Computer Studies, 64 (2), 79-102.

Johnny, A. & Shumin, Z., 2003. Refining fitts' law models for bivariate pointing. Proceedings of the
SIGCHI conference on Human factors in computing systems. Ft. Lauderdale, Florida, USA:
ACM.

Lin, C.-J., Yu, W. & Wu, C., Year. Improving link analysis method in user interface design using a new
computational optimization algorithmed.”eds. Human Factors and Ergonomics Society Annual
Meeting Proceedings, 1112-1116(5).

Lin, T., Imamiya, A., Hu, W. & Omata, M., 2007. Combined user physical, physiological and
subjective measures for assessing user cost. Universal access in ambient intelligence
environments. 304-316.

Mackenzie, 1.S., 1989. A note on the information-theoretic basics for fitts' law. Journal of Motor
Behavior, 21, 323-330.

Molich, R., Ede, M.R., Kaasgaard, K. & Karyukin, B., 2004. Comparative usability evaluation.
Behaviour & Information Technology, 23 (1), 65 - 74.

Murata, A. & lwase, H., 2001. Extending fitts' law to a three-dimensional pointing task. Human
Movement Science, 20 (6), 791-805.

Palmiter, S. & Elkerton, J., Year. Evaluation metrics and a tool for control panel design.ed.”eds.
Proceedings of the Human Factors Society- 31st Annual Meeting, Santa Monica: HFES, pp.
1123-1127.

Pedro, S., 1990. Template-based mapping of application data interactive displays. Proceedings of the
3rd annual ACM SIGGRAPH symposium on User interface software and technology. Snowbird,
Utah, United States: ACM.

Pulat, B.M. & Ayoub, M.A., 1985. A computer-aided panel layout procedure for process control
jobs&mdash;laygen. IIE Transactions, 17 (1), 84 - 93.

Rabideau, G. & Farnady, J., 1976. Interactive graphics package for human engineering and layout of
vehicle workspace. Proceedings of the 13th conference on Design automation. San Francisco,
California, United States: ACM.

Sanders, M.S. & Mccormick, E.J., 1993. Human factors in engineering and design, 7th ed. ed. New
York: McGraw-Hill.

Sargent, T., Kay, M. & Sargent, R., 1997. A methodology for optimally designing console panels for
use by a single operator. Human Factors, 39 (3), 389-4009.

Sears, A., 1993. Layout appropriateness: A metric for evaluating user interface widget layout. Software
Engineering, IEEE Transactions on, 19 (7), 707-719.

Segall, N., Doolen, T.L. & Porter, J.D., 2005. A usability comparison of pda-based quizzes and
paper-and-pencil quizzes. Computers & Education, 45 (4), 417-432.

Wickens, C.D., Lee, J., Liu, Y. & Becker, S.G., 2004. An introduction to human factors engineering, 2

35



Behaviour & Information Technology (In Press) Lin & Wu

edition ed.: Pearson Education.

Won Chul, K. & James, D.F., 1990. Don: User interface presentation design assistant. Proceedings of
the 3rd annual ACM SIGGRAPH symposium on User interface software and technology.
Snowbird, Utah, United States: ACM.

Wu, C. & Liu, Y., 2004c. Modeling human transcription typing with queuing network-model human
processors. Proceedings of the 48th Annual Meeting of Human Factors and Ergonomics Society.
New Orleans, Louisiana, USA. 381-385.

Wu, C. & Liu, Y., 2007d. A new software tool for modeling human performance and mental workload.
The Quarterly of Human Factors Applications: Ergonomics in Design, 15 (2), 8-14.

Wu, C. & Liu, Y., 2008a. Queueing network modeling of transcription typing. ACM Transactions on
Computer-Human Interaction, 15 (1).

Wu, C. & Liu, Y., 2008b. Queuing network modeling of psychological refractory peroid. Psychological
Review, 115 (4).

Wu, C. & Liu, Y., In Press. Development and evaluation of an ergonomic software package for
predicting multiple-task human performance and mental workload in human-machine interface
design and evaluation. Computer & Industrial Engineering.

Wu, C., Liu, Y. & Tsimhoni, O., 2008. Application of scheduling methods in designing multimodal
in-vehicle systems. Society of Automobile Engineers (SAE) World Congress. Detroit, MI: SAE.

Wu, C., Liu, Y. & Walsh, C., 2008c. Queuing network modeling of a real-time psychophysiological
index of mental workload--p300 in event-related potential (erp). IEEE Transactions on Systems,
Man, and Cybernetics (Part A), 38 (5), p1-16.

Wu, C., Tsimhoni, O. & Liu, Y., 2008d. Development of an adaptive workload management system
using queueing network-model of human processor. IEEE Transactions on Intelligent
Transportation Systems.

Yin, X. & Lee, W.S., 2004. Using link analysis to improve layout on mobile devices. Proceedings of
the 13th international conference on World Wide Web. New York, NY, USA: ACM.

36



