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Abstract. Differences between contemporary CAD systems made by different
manufacturers are mainly reflected in their user interface. In this paper, we describe a
method developed for an objective assessment of user interface efficiency. The method is
based on calculating the active time of using a system, which is inversely proportional to
efficiency. Active time is defined as the product of the number of elementary actions
(mouse click, keyboard input, etc.) and the average duration of those actions. The
average duration of actions was determined by statistical methods, using data collected
from the application that we specifically developed for this purpose. Using active time as
a measure, the evaluation of the interface is accomplished in an objective manner, since
the influence of user skills is eliminated. We demonstrated the applicability of our method
by testing four commercial CAD systems. The results can be used as one of the criteria
for choosing one of the CAD systems, but they can also be a useful guide for
improvements in interface design. The method described in this paper can be used to
evaluate the efficiency of user interface of any computer system.
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1. INTRODUCTION

Choosing the right Computer-Aided Design (CAD) system today is not an easy task.
There are a lot of products on the market which have very similar capabilities. If one
product introduces a new feature, it is very soon available in other products as well. This
all leads to choosing the CAD system based on personal affinities or price, as the most
important factors.

To be able to choose the right system, there has to be a way to compare the quality of
these systems. There are different aspects to account for when assessing software products,
but they all rely on the usability which is crucial to determine the software quality.
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[1] defines usability based on (i) effectiveness, (ii) efficiency and (iii) satisfaction in
the given usage context. According to the same standard, effectiveness can be defined as
accuracy and completeness with which users achieve specified goals, efficiency refers to
the resources used to achieve the results (time, human effort, costs, and materials), and
satisfaction can be defined as the extent to which the user's physical, cognitive, and
emotional responses that result from the use of a system, product or service meet the user’s
needs and expectations.

Usability defined in this manner is often a distinguishing feature of software systems.
To assess usability different evaluation methods are used.

According to [2], there are three basic types of usability evaluation methods. Those are
testing, inspection and inquiry. Usability testing captures usage data from real end users
while they are using the product to complete a predefined set of tasks. Usability inspection
refers to interface evaluation performed by experts from the domain being tested. The
assessment of the usability of the software depends on the person performing the testing,
which means that the assessment is subjective. One of the ways to gather impressions about
the software is to talk to users. In the inquiry method, the information about the system is
obtained from conversations with users or observation of their work under real conditions.

The data obtained by evaluation can be quantitative and qualitative [3, 4]. Quantitative
data are numerical data usually gathered by measurement, while qualitative data are textual
descriptions of problems. Quantitative data most often refer to the time that the user needs
to complete a specific task, the number of tasks that can be performed in a given interval,
the number of errors, the relationship between successful task execution and the time
required to complete the task, input speed, etc. [5, 6]. In our research, we also rely on the
time of task execution, but in our case it is obtained in a more objective way, as the duration
of direct interaction with the system.

One of the problems with most existing usability evaluation methods is that the
evaluation result is a user's subjective assessment. Even when the evaluation is performed
on the basis of a quantitative characteristic, such as the task execution time, that time
depends, among other things, on the user's capabilities and his current state. Our method
attempts to eliminate this subjectivity from the evaluation by concentrating on monitoring
the actual interaction with the program and evaluating only the efficiency of the user
interface.

Our method is similar to the Keystroke-Level Model (KLM) [7, 8], which is based on
counting keystrokes and other low-level operations. In addition to these operations, this
model also monitors the mental preparation of the user, as well as the response time of the
system.

The difference between the basic KLM model and our model is that our model has a
different set of basic operators (for example, we specifically monitor the selection of the
left, right and middle mouse buttons, and the real mouse path). Also, in our model the
average time needed to complete an elementary operation is determined empirically, on the
basis of a large sample. In addition, we do not monitor mental effort, since it is a subjective
characteristic, nor the response time of the system, since it is no longer relevant with
modern computers and programs.

Most of the existing studies related to usability testing deal with web and mobile
applications, which is to be expected since these applications are the most numerous. In [9]
over 5000 studies that analyze web applications were found, while [10] mentions close to
800 documents analyzing usability in mobile applications.
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According to [11], there are very few studies which examine CAD systems from the
user interface point of view. The main reasons behind a small number of CAD system
usability studies are (i) the complexity of those systems which requires domain experts to
perform the evaluation and (ii) the smaller number of beneficiaries of the results since the
engineering community is much smaller than the community of web users where this type
of testing is much more common [12].

In contrast, the ergonomic aspect of CAD systems is very important for efficient work.
According to [13], neglecting the ergonomic rules leads to reduced efficacy of the design
process, decreased efficiency and a more significant strain for the designers.

The existing research concerning usability analysis in CAD systems is mainly based on
the observation of the work of engineers or interviews with them. For instance, in [14] the
author tracked the manual activities of engineers during the design process in order to
improve CAD systems. The activities were tracked via video recordings which were later
analyzed. In another study [15], the entire work of the user was automatically recorded in
log files. Later, these files were analyzed in order to improve the system.

Architects also took an interest in CAD system usability testing. One of the studies in
CAD systems applications in the architecture analyzed 10 CAD systems and tracked the
errors during system usage, conducted questionnaires with trainees after the training
sessions of the system and held focused group interviews with trainers [16]. Based on this
data, they identified 10 principles related to user interface which can be applied to complex
3D systems. Those principles are Consistency, Visibility, Feedback, Recoverability,
Maximization of Workspace, Graphical Richness, Direct Manipulation, Familiarity,
Customizability, Assistance, Minimalist Design, and Context Recognition.

Another research related to CAD systems for architecture analyzed the applications of
physiological and subjective measures in assessing the usability, effectiveness, and
efficiency of the user interface [17]. Their goal was to reduce the usage of cognitive
resources for controlling or understanding the interface.

In this paper, we show how CAD systems can be compared based on the efficiency of
their user interface. For the comparison we use the efficiency-based method allowing for
objective assessment, partially described in our previous work [18, 19]. Out of the three
usability aspects described before, we focus on efficiency since we find it allows for
objective assessment.

Our method consists of tracking elementary actions performed by the user while
working with the program and the quantification of those actions. The elementary actions
are performed through graphical user interface (GUI) and include mouse clicks, keyboard
entries, mouse movements, as well as switching (moving hand) between the mouse and the
keyboard and vice versa. A direct comparison of the actions is not feasible due to their
distinct nature so they cannot be used directly to measure usability. To make the
comparison possible, we represent each action by a common component - time. This is the
main advantage of our method, compared with a somewhat similar method described in
[20]. In that paper, the physical effort is calculated as a sum of click counts, keyboard clicks
and the number of pixels (at the mouse resolution) traversed by the user while moving the
mouse from one point to another. The drawback of this method is that it is not possible to
obtain a clear and unambiguous result while comparing programs. This happens because
three different measures are being compared.

Our aim was to determine the average time required for each of the actions and then
multiply the time by the recorded number of corresponding actions. Average action times
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were determined using a specialized application we developed, which gathers information
of the time needed to perform an action from many users [19, 21]. At the time of writing,
the information obtained from 2000 users is available.

We applied the described method to testing the efficiency of CAD systems.
Contemporary CAD systems include a number of functions facilitating the users’ needs.
The manufacturers of this type of software usually emphasize the software capabilities,
which leads to neglecting the ergonomic aspects of the software. This paper shows the
results of this testing, which could be useful as guidelines for improvement of CAD
systems.

The main contribution of the paper is the application of methodology for assessing the
efficiency of the user interface of CAD systems and evaluation of these systems based on
the presented methodology. Our method provides objectivity to usability assessment, while
other methods are usually based on subjective user assessments. The existing comparisons
of CAD systems are often based on the functions they include [22, 23]. In order to maintain
objectivity, we limit the testing only to the efficiency of the user interface as it can be
precisely measured and expressed in the common format, which is in this case the time
required for action executions.

In contrast to the aforementioned subjective methods [13, 16], our method offers a
numerical result of the analysis. Therefore, our approach makes it straightforward to
compare user interfaces of different systems.

The application of our method is not limited to CAD systems. In the same manner, it
can be applied to examine the efficiency of the user interface of any application. The
objectivity of the assessment is the main advantage in these cases as well.

2. EFFICIENCY OF A CAD SYSTEM USER INTERFACE

Efficiency is commonly represented by the total time required to perform a specific
task. Since the total time for performing a task depends also on user capabilities,
knowledge, experience and familiarity, it is clearly a subjective measure. For instance, the
user with a lot of experience with the system can perform the same task using shortcuts or
an alternative function and thus complete the task faster.

The aforementioned efficiency refers to the efficiency of the full process of interaction
with the software. In order to be as objective as possible, we only rely on determining the
efficiency of the user interface, which we believe can be measured in an objective manner.
The total time needed for process execution consists of the active time when the user
communicates with the user interface of the software and passive time the user spends
deciding the next step. The passive time depends on user’s capabilities and his skills in the
given software, but also on the software itself. The active time shows how good the user
interface is for the given software. Using active time as a measure, we can in a more
objective manner compare different programs and assess their user interface without
analyzing the capabilities of the software itself.

Since the experiment analyzes interface efficiency of CAD systems, it is necessary to
mathematically define efficiency in order to measure it. Efficiency can be defined in two
ways: as a cost of design (Cd) divided by the effort (E) invested in the design, or as a
relative efficiency (Er) which is calculated as a reciprocal of the effort. Since the cost of
design is a variable category depending on numerous factors, while the relative efficiency
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can be used as a measure regardless of the type of project being analyzed, we opted for the
latter.
Efficiency:

Specific efficiency:
E.=1/E (2)

The effort occurring while using computer programs, including CAD systems, can be
either mental or physical. Even though some methods for tracking mental effort also exist,
measuring that kind of effort is necessarily subjective, which is a characteristic we tried to
avoid. Therefore, we decided to measure only the physical effort which, in our opinion,
can be objectively represented and measured.

The physical effort is related to the active communication between the user and the
software. It can be represented as a sum of all actions executed by the user during that
communication. If we were able to measure the time of those actions alone, we would
obtain an objective measure of the efficiency of user interface.

A typical interface of computer programs is based on using a mouse and a keyboard as
input devices. For communication with the computer program, users usually use one hand
to choose between the mouse buttons or for scrolling, while the other hand is used to choose
keys from the keyboard (ESC, SHIFT, ALT, CTRL). Moving the mouse is performed using
the same hand used to choose the mouse buttons. If it becomes necessary for the user to
enter textual data, the user will move their hand from the mouse and use both hands to type
on the keyboard (see Fig. 1).

Based on the described usage routine, the physical effort during the usage of graphical
user interface can be divided into several elementary actions. Those actions are mouse
clicks, actions related to scrolling using the mouse, actions related to text entry from the
keyboard, then actions related to moving the mouse cursor, as well as actions related to
moving the hand between the mouse and the keyboard. When using CAD software, the
actions frequently include holding the mouse button and moving the pointer at the same
time. In this study, such actions were not considered, but the next version of the OpenClick
software will include new tests which will be specific to the user interface of CAD systems.

The actions related to mouse clicks can be further split into left, right, middle button
clicks, and double clicks. By analyzing the average time different users took to choose
these buttons, we find that the average times differ for different button types, so these
actions will be accounted for separately.

In actions related to scrolling the mouse, elementary effort originates from scrolling the
mouse wheel for one step.
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Fig. 1 Graphically presented control of input devices, where ‘C* denotes mouse clicks,

‘S’ refers to scrolling, ‘L’ denotes choosing modifier keys, ‘R’ refers to text entry from

the keyboard, ‘M’ to moving the hand with the mouse for positioning and ‘T’ refers to
moving the hand between the mouse and the keyboard

Actions related to keyboard entries can be: (i) choosing one key, (ii) choosing multiple
keys at once (as is the case for choosing keyboard shortcuts) and (iii) entering text or
numbers.

Another elementary action we have measured is mouse movements. The goal of this
action is to position the cursor on the desired location on the screen. The effort then comes
from the need to move the hand with the mouse to the desired position.

The last type of action we investigated is related to switching between the mouse and
the keyboard. This event occurs when the user needs to enter something using the keyboard
after positioning the mouse, which is then followed by returning the hand to the mouse so
that it can be positioned for the next action.

The total effort can be calculated as a sum of the efforts originating from individual
actions of the user. The efforts from individual actions are determined as a sum of the time
spent on the given action. Therefore, in order to determine the total effort, it is necessary
to find the average time for individual actions. To that end, we have developed separate
software described in more details in (Arandelovi¢ at al. 2018b). The software was used to
determine the average times of the following actions: left mouse click (tcl), right mouse
click (tcr), middle mouse click (tcm), double click (tcd), mouse wheel scroll (ts), modifier
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key press (tla), choosing a combination of two keys from the keyboard (tlt), key press while
typing (tk), moving the hand with the mouse to position the cursor (tm) and switching
between the mouse and the keyboard (tt).

Using the number of individual elementary actions performed during the design
process, as well as the average time needed to perform the corresponding action, the effort
for each type of action can be defined.

As already mentioned, the total effort is directly proportional to the time spent on
performing individual actions listed here and it is expressed in seconds:

Ephysical ~ timeactive, t=tot tor +tem T ted T tes T ta Tttt + t + 1 (3)

where tcl, tcr, tem, ted, tes, tla, tlt, tk, tm, tt are the times (efforts) per task corresponding
to the average times defined above. Particular efforts can be computed using the formula
).
Naction
Eaction ~ Z Laction (4’)
i=1
action € {cl,c,cm,cd,s,la,lt, k,m,t}

Naction describes how many times the action was repeated.

2.1 Computing the average time of actions

As explained before, in order to compute the total effort, we need the average time
required for performing the elementary actions. For that purpose, we developed a web
application which includes various tests that correspond to elementary actions. As
mentioned earlier, the actions that include holding the mouse button and moving the pointer
were not directly analyzed in this application. For now, that effort is obtained by
interpolating mouse clicks and movement, but in the new version of the software, we will
add the tests covering these types of actions as well. This application has gathered data
from over 2 000 users so far. They performed a total of over 30 000 tests. The
characteristics of the users from whom the data were collected vary greatly, both in terms
of age and gender, dominant hand (left or right), degree of computer knowledge, etc.

From 2001 users of the application, 1240 are male and 761 are female. There are 685
users younger than 30, 806 users between 30 and 50 and 510 users aged over 50.

The application includes tests which measure average time needed for mouse clicks
(separately for left, right and middle key), average time required to choose a modifier key,
average time needed to choose a combination of two keys, average time to enter text, etc.
The application is available online so that it can attract more users (Misi¢ and Trajanovié¢
2020).

Average action times are computed as average times from all users. The results for all
users are stored in the database. The results of this analysis are shown in Table 1.
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Table 1 Average duration of individual actions from the data collected with the
OpenClick application

Test Average value
Mouse speed 5417.448 (px/sec)
Left mouse button 0.975577 (s)
Right mouse button 0.940446 (s)
Middle mouse button 1.199912 (s)
Double click 1.422139 (s)
Shift key 1.141925 (s)
Esc key 1.141756 (s)
Alt key 1.162122 (s)
All modifier keys 1.154308 (s)
Combinations of keys 2.292802 (s)
Text entries 0.529892 (s)
Numeric entries 0.653146 (s)
Moving hand from mouse to keyboard 1.706697 (s)
Moving hand from keyboard to mouse 0.92824 (s)
Mouse scroll 0.11721 (s)

Before the analysis, the data were filtered manually to remove the entries that we
believe are the consequence of irregular use of the software. The number of removed
entries depends on the test type but is on average 4% for all tests.

3. EXPEPRIMENTAL

The proposed methodology was tested on four different CAD programs: Inventor, Solid
Works, Fusion 360 and Creo. The choice of programs was based on the availability of
software licenses and equally trained testers. The chosen group of programs may not be
considered as fully representative concerning the CAD software market, as some of the
leading programs (like CATIA or Siemens NX) were not tested. Nevertheless, as all the
programs offer similar functions that are available through different user interfaces, and
each of those hold a fair market share, we think that the group is representative.

All programs were installed on the same computer used for testing in order to remove
a potential influence of hardware on the obtained results. Additionally, we used the latest
versions of all systems to get a realistic comparison (Creo 6, Inventor 2020, SolidWorks
2019, Fusion 360 2.0.8809).

The efficiency of CAD programs depends not only on user interface, but also on the
logic embedded in model building procedures. This typically leads to different steps in the
creation of a sketch entity or a solid feature in various programs. Also, there are usually
multiple procedures available for performing the same task in one program. As already
explained, for the sake of objectivity, our task was to test only the efficiency of user
interfaces. Thus, a number of simple test examples were created, where it was possible to
perform all the basic steps in the creation of sketches and solid features in the same manner
in all CAD programs. This meant that only those sketch elements that were available in all
programs were used (e.g. rectangle defined by center and corner). This also meant that the
chosen solid features could be created in each CAD software using the same basic modeling
tools. The chosen program testers are experts in CAD and experienced in the software they
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were asked to use. They were also instructed to study and practice the modeling procedures
before the final test runs were performed.

The testing procedure consisted of two sets of tests (one to evaluate sketches and
another to evaluate features). The feature set of tests comprised 8 features and 3 sketches
needed to create the features (Table 2), while the sketch set of tests comprised 9 tests, which
were carried out inside the same sketch (Table 3).

A typical test example is shown in Fig. 2. In each CAD program, the three main steps
in the creation of this simple 3D solid model, containing 2 solid features (the cube and the
hole), were the same. In step I the centered rectangle sketch was created. In step II the
sketch was extruded symmetrically in relation to the sketching plane, to obtain the cube. In
step 111, the hole with M8x1 ISO thread was created.

Table 2. Set of feature tests

Sketch (cube sketch) Extrude (cube) Hole (cube center threaded
hole)
Fillet (cylinder) Chamfer (cone) Shell (pipe profile)

Draft (truncated cup)

Sketch (sphere sketch)

Sweep (torus)

Sketch (pattern sketch)

Extrude and pattern
(pattern shape)
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Table 3. Set of sketch tests
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| |
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Fig. 2 Test example: creation of a centered cube with centered tapped hole

Each tester found the fastest way to complete each step of the example in the given
CAD program, resulting in several elementary operations. As those operations differed in
type and number between CAD programs, different times were calculated for each step
depending on the software used. Some of the operations are identical in all programs, while
some are not. Also, the (minimal) number of elementary operations varied from program

to program.
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The number of elementary actions and the path traversed were measured using the
Mousotron program [24]. Each test was repeated 5 times and we used average values of
the measured quantities.

4. RESULTS

In this section the results of the experiment are described. In Fig. 3, we show the total
time needed to execute all tests. It can be seen that the least effort is required when using
Inventor, while the most effort comes from the Creo software. As mentioned before, the
efficiency is inversely proportional to the effort, so we conclude that Inventor is the
software with the highest efficiency of the user interface. The results also show that CAD
systems Inventor, Solid Works and Fusion 360 are relatively similar in the effort required,
while only Creo deviates from this group.

The results show that there is a difference of around 20% between the efficiency of
CAD systems. The detected difference can guide the manufacturers of the systems with
weaker performance to improve specific aspects of their systems.

e 273.26
239.12 244.37
227.93
200
w
[14]
E 150
=
=
)
2 100
50

0
Inventor Solid works Fusion 360 Creo

CAD system
Fig. 3 Total time needed to execute all tests
Fig. 4 shows how the time was distributed between sketches and features for each

program. The time shown represents the total time needed to design all sketches and
features.
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Fig. 4 Time for sketches and features

For producing sketches, Solid Works has the best performance, while for creating
features, Inventor requires the least effort.

Fig. 5 shows the time spent on all elementary actions while Fig. 6 shows counts for
individual actions.

Fig. 5 depicts how the time spent on interacting with the program is structured. The
results show that most time is spent on actions related to mouse actions, followed by
moving the hand between the mouse and the keyboard, keyboard-related actions, while the
least amount of time is spent on positioning the mouse. It is important to note that the time
spent on positioning the mouse is proportional to the path traversed by the mouse during
the task. It is important to note that one of the contributing factors to the mouse positioning
is the path traversed by the pointer while performing the task.
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Fig. 5 Time by action types
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Fig. 6 Number of actions

Although in realistic conditions, engineers use the mouse wheel to zoom, we avoided
this action in the test. Zooming was not used in order to prevent changes in tracked mouse
movements during test repetitions (changes in displayed object or sketch size relative to
the workspace size cause the mouse travel distance to oscillate for the same action).

Based on this, we can devise some guidelines for the improvement of the user interface.
First, the number of mouse actions should be reduced and then the number of actions
performed exclusively by using the mouse or the keyboard should be increased to avoid
moving the hand between them.

Fig. 6 shows that most of the actions are related to pressing one of the mouse keys,
followed by the actions related to the keyboard and then the actions of moving the hand
from the mouse to the keyboard and vice versa. These results were obtained by counting
elementary actions, while the pointer movement simultaneously with the mouse click was
not considered.

As shown in Fig. 5 and Fig. 6, even though there are almost twice as many actions
related to the keyboard entries as the actions of moving the hand between the keyboard and
the mouse, the time spent on moving the hand is still longer. That happens due to the longer
average time required for moving the hand.

The count and duration of actions were analyzed on creating simple elements and
sketches. As shown earlier, even in these cases, the user interface of some systems is more
efficient than those of other systems. In more realistic cases, when complex elements and
assemblies are created, the difference in efficiency becomes notable. These elements are
obtained as a combination of sketches and features we used in this experiment. If there is
a difference in efficiency while creating simple sketches and features, then that difference
will definitely be larger once it is necessary to combine multiple sketches and features
present in assemblies.

Another interesting aspect of this analysis is the treatment of errors made while creating
the elements. For the experiment described in this work, we defined the exact number of
actions needed to produce each sketch or feature in advance. That was possible because the
procedures were precisely defined so that they were possible to follow in all tested systems,
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and such procedures could be defined because all elements were simple. Our test
environment could be considered ideal since the users’ errors could be safely discarded. In
more realistic conditions, the users will occasionally make errors which will influence the
active time spent in communication with the user interface. Although the number of errors
is subjective and depends on the user, the probability of the error increases with the number
of actions needed to complete the task. Therefore, we conclude that for CAD systems where
the number of actions is different, the difference in the efficiency of user interface will be
larger in realistic conditions, due to the increased number of errors.

Fig. 7 shows the percentage of time required to perform individual actions with respect
to the total time. The percentages are similar for all programs, so it can be concluded that
approximately 60% of time is spent on actions related to the mouse, 13-15% of the time
are spent on keyboard actions, 20% on moving the hand between the mouse and the
keyboard and approximately 6% on positioning the mouse.
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50 3 S
L)
40
30
20 I
3 E‘» 3 5 3
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Inventor Solid Works Fusion 360 Creo Total

Mouse positioning time (%)

Time for keyboard actions (%)

Time for mouse actions (left, middle, right mouse buttons, and double click) (%)
Moving hand from mouse to keyboard and vice versa (%)

Fig. 7 The percentage of time required to perform individual actions with respect to the
total time

5. CONCLUSION

To examine the efficiency of CAD systems, we employed our time-based methodology,
based on determining the number of elementary actions during the communication between
the user and the CAD program for a predefined set of tasks. For all elementary actions, we
experimentally determined the average times using a separate application we developed.
By multiplying the number of actions and the average action times we devised the amount
of active time while using different CAD programs.

The method was tested on 4 different CAD systems used at our faculty. The tasks in
the CAD systems were performed by experts with extensive experience with the
corresponding software. For testing purposes, we designed an experiment including a large
number of sketches and features in all of these CAD systems. We chose sketches and



94  D. MISIC, M. TRAJANOVIC, N. KORUNOVIC, J. ARANDELOVIC, P. DRASKOVIC AND R.
TURUDIJA

features which are most frequently used. For all these tasks we defined the same procedure,
as our aim was not to test the capabilities of the programs, but to test their user interface.

The conducted experiment showed that the developed methodology could be used to
perform an objective comparison of the efficiency of user interface. In this work, the
proposed method was applied to assess the interface of CAD systems, but it can be equally
applied to other programs. The method introduces objectivity to the analysis which is
generally very subjective.

In the future work, we plan to include more CAD systems in the evaluation and extend
the result base. Additionally, we will introduce more complex elements to the testing
procedure, in order to measure the workflow in a more realistic manner. The challenge with
this type of tests is to define a common procedure which would enable objective
assessment. Designing complex assemblies and elements in any CAD system can be done
in multiple different ways, which requires attention and experience when planning the
experiment.
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