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(ABSTRACT)
by
Octavio F. Torres-Chazaro
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Computer Numerically Controlled (CNC) machines are common pieces
of equipment in manufacturing plants. In recent years, CNC-user interfaces
have been evolving from CNC command languages to menu based and direct
manipulation interfaces. However, there have been few efforts to evaluate CNC-
user interfaces and to identify those interface features that have major effects on
the usability of CNC machines. Thus, an objective assessment of the

improvement achieved from different user interface technologies is needed.

Two experiments compared the effectiveness of two types of CNC-user
interfaces: command-language and direct manipulation interfaces. Two
command language interfaces and one object oriented interface were designed

and evaluated in terms of human performance and preferences.



Experiment 1 compared two command-language interfaces: Layout 1
was a simulation of the original control panel of a CNC-Dyna machine, and
Layout 2 was a modified user interface based on the analysis of the Dyna
control language. Four factors were manipulated: (1) users' level of expertise,
(2) layouts, (3) tasks, and (4) trials. It was found that both groups of subjects
completed the tasks faster using Layout 2 than Layout 1. Modification tasks
were performed faster than copy tasks. Subjects’' responses to a questionnaire

indicated that Layout 2 was preferred over Layout 1 in several categories.

In Experiment 2 subjects used a command-language interface and a
direct-manipulation interface. Four factors were manipulated: (1) experimental
sessions (two sessions with a one-week interval between them), (2) users' level
of expertise, (3) tasks, and (4) trials. The interval between sessions had a
significant effect on task completion time when the command-language
interface was used, but there was not a significant effect of this factor when the
direct-manipulation interface was used. Subjects' subjective responses
indicated a stable preference for the direct-manipulation interface in several

categories of usability.
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INTRODUCTION

A recent report indicated that 56% of the US market for machine-control
products is dominated by Computer Numerically Controlled (CNC) machines.
The remaining market segments comprises cell controllers, programmable logic
controllers, robot controllers, and relay equipment at 29%, 10%, 4%, and 1%,
respectively (Machine control market to double, 1989). Similarly, Giffi and Roth
(1989) found that CNC machines and Programmable Controllers were the most
frequently mentioned devices by companies involved with production
processes. Both studies indicate that CNC technology and closely related
products play a major role in US competitiveness within the manufacturing

markets.

Giffi and Roth (1989) compared the responses of the managers to a
similar survey they conducted in the 1987-89 time period. These researchers
found a steady decline in the number of companies expecting significant
benefits from advanced manufacturing technology (AMT). In particular, US
executive managers had reduced expectations about the productivity, product
quality, and profits that AMT could bring to the workplace (see also Ozan and

Smith, 1990)

Thus, manufacturers increasingly suspect that further improvements in
manufacturing technology will not significantly contribute to the success of their
installations. It can be argued that a lack of consideration for human factors in

the user interface contributes to this situation. Companies face difficulties in



training and retraining workers for increasingly complex machines which do not
integrate easily with human operators or with other machines (e.g., Craven and
Slatter, 1988; Johnson and Wilson, 1988; Parsons, 1987; Shulman and Olex,
1985; Sinclair, 1986).

CNC Machines and User Interfaces

A CNC machine is a programmable device that implements machine tool
movements according to the specifications contained in a program. A CNC
program defines tool movements in a three-dimensional space. A movement in

this space is specified using the X, Y, and Z coordinates.

Two types of CNC user interfaces can be identified: command-language
interfaces and direct-manipulation interfaces (Hutchins, Hollan, and Norman,
1986; Payne and Green, 1989). The command-language design approach
attempts to find an optimal match between the CNC command language and its
representation in a control panel layout. An inadequate match between a
command language structure and its representation in the panel degrades user
performance. Thus, a poor match makes command learning and command
searching slower. An adequate match facilitates learning and command

searching (McDonald, Dayton and McDonald, 1988; Reisner, 1981).

A Command-Language Interface (CLI) for a CNC machine typically
includes three types of commands: movement specification commands, line

editing commands, and program-manipulation commands. These commands



allow the user to create, edit, store, read, and run CNC programs. An example

of a CLI is presented in Figure 1.

A Direct-Manipulation Interface (DMI) allows the user to generate a
drawing of the part to be produced using either a dictionary of basic shapes or a
set of vector-drawing tools. A DMI does not present the low-level machine
instructions that specify the movements to be followed by the tool. The actual

CNC code that generates the part remains hidden to the user.

In a DM, the user manipulates icons that resemble the objects to be
modified by the milling machine (Hutchins, Hollan, and Norman, 1986;
Shneiderman, 1982). The icons are graphic representations of the parts that will

be milled.

A DMl includes some commands for file manipulation and shape or
object editing. However, an object editor, rather than lines of programming
code, is used to modify the representation of the part to be generated. An

example of a DMI for a CNC machine is presented in Figure 2.



progr.|[ Line )
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Figure 1. A Command-Language Interface
for milling operations
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Figure 2. A Direct-Manipulation Interface for milling operations.




BACKGROUND AND LITERATURE REVIEW

Command Oriented User Interfaces

The design of control panel layouts has been influenced by four design
principles: (1) functional grouping,(2) sequence of use,(3) frequency of use, and
(4) importance (Bonney and Williams, 1977; Kochhar and Barash, 1987;
Sanders and McCormick, 1987).

These principles are often mentioned even though the supporting
research has two limitations: (1) there are few empirical evaluations of
interactions between the task performed with the control panel and the
effectiveness of the design principle followed, and (2) there are few techniques
to generate command/button groups based on the syntax and semantics of the

control language.

A consequence of the first limitation is that a panel layout found usable to
perform a routine task may be difficult to operate in an error recovery situation.
However, this task-device interaction is rarely explored (Fahnrich and Raether,
1985; Puetz, Eichhorn, and Fahnrich, 1987). The second limitation is closely
related to the design of control panels for programmable equipment such as
CNC machines and Programmable Controllers. These devices have a control
language whose grammar, from a user's point of view, is typically ignored in the

final design of the control panel.



Empirical evaluations of control panel designs. There have been few
studies regarding control-panel design and evaluation. Fowler, Williams,
Fowler, and Young (1968) applied the four design principles mentioned above
to generate control panels. Each of the four principles was varied on three
levels. Twelve panels were evaluated using a standard simulation task. One of

the dependent variables used was task completion time.

According to these authors, sequence of use was the most important
principle. The panels designed according to the sequence of use criterion
yielded the fastest performance. However, the specific task used by these
authors required a highly consistent sequence of movements. Thus, the result
may apply only to similar tasks. It may be argued that the importance of a design
principle depends on the type of task to be performed with the panel. For
example, the functional grouping principle may be the most important criterion
when users must distinguish between command groups which require
activation in fixed sequences of groups rather than fixed sequences of

individual keys.

Long, Whitefield, and Dennett (1984) compared three formats for
numerical display: linear, matrix, and cash register. When subjects copied lists
of numbers between two and six digits in length, performance with the linear
and matrix formats was faster than with the cash-register format. However,
performance differences were found only when the numbers to enter had 10%
zeros. Performance accuracy was, in fact, comparable among the three

formats.



McDonald, Molander, and Noel (1988) studied the effect of color-coded
key groups on performance. Three fast-food keyboard layouts were generated:
Layout 1 was based on the judged similarity of the food items, Layout 2 was
organized according to the judged frequency of co-occurrence of the food items,
and Layout 3 was a personalized keyboard designed by the users themselves.
Users entered a food order composed of several items. The dependent

measure was the interval between the first and last key touched.

Food orders were divided into single and multiple-item orders. In the
multiple-item task, a design with the following factors was used: two types of
layouts (frequency of co-occurrence and similarity of food items), four color-
coding techniques (random, frequency, similar, and monochrome), block (1-6),
order type (Sim or Com), and number of items. Layout and color coding were
between subjects factors and block, type of order, and number of ltems, were
within-subjects factors. Only the last three blocks of trials were analyzed. The
order type determined which layout was more effective (organized by frequency

or by similarity).

The layout by block interaction indicated that subjects using the
frequency keyboard showed more improvement with practice than did subjects
using the similarity keyboard. This study suggests that the task to be performed
with a panel should determine the application priority of the design principles

mentioned above.



Generation of command groups using the command language
characteristics. Researchers have not considered those designs in which the
controlled device is programmed and operated according to a command
language that has defined syntax and semantics. A CNC machine control

panel is a good example of this type of structured controlled device.

CNC commands belonging to a command language can be classified
according to the type of argument used by the command and the entity affected
by the command. One classification of the CNC-DYNA commands is presented
in Figures 3 and 4. The CNC-DYNA machine commands were grouped in six
categories: Modes, References, Moves, Jumps, Headings, and

Communications (see Torres-Chazaro, Deisenroth, and Beaton, 1989).

The Modes group determines the operational mode of the CNC machine,
allowing the user to activate a restricted subset of commands. The other five
groups belong to the programming mode and categorize the arguments used
by the commands. For example, some arguments define the direction of a
move, while other arguments define the number of seconds that the machine

should stay idle.

The Reference group includes the commands that define reference
points in the machine work envelope. The Move group includes those
commands that determine the specific path to be followed by the tool. The
Jump group is composed of iteration and jump commands that allow the

program to execute non-sequential segments of code within the CNC program.
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The Communication group includes those commands that allow the CNC to

send audio, or other output signals.

This command classification is not reflected in any obvious way in Layout
1, and the reduced version of the CNC-DYNA control panel shown in Figure &
Layout 2 is an alternative design generated for this work, based on the
command classification presented in Figures 5 and 6. Notice that Layout 2

does not use mode keys.

Layout 2 is divided in four areas. The areas are: command language
area, line editor area, numeric keypad, and program manipulation and
emergency moves. There are some additional differences in the control logic of
the interfaces that are not easily visible in any representation of the command
language structure. In particular, line insertion and deletion are each performed
using a single key in Layout 2. However, Layout 1 requires a change of modes,

which makes the insertion sequence more complicated.

Empirically derived command groups. Commands can also be grouped
using cluster analysis techniques to find what command groups expert users
may perceive in the control language. Empirical approaches have been
proposed for layout design of fast food selection panels and organization of
command options in an operating system (McDonald and Schvaneveldt, 1988;
Tullis, 1985). McDonald and Schvaneveldt (1988) proposed a method of

obtaining clusters of items that can be represented in a bidimensional space.
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This space, which is obtained using a multi-dimensional scaling technique, can

then be used to design a panel.

This approach has been applied to the design of panels in which the
command options are hierarchically organized with one level of depth.
Howaever, typical CNC control language has several levels of depth. The
empirical approach does not always reveal properties of the command

language that may be very important in a CNC-user interface.

Quantitative indices of grouping and sequencing. There is an accepted
group of techniques used to analyze the sequential finger movement on a
panel. One technique commonly cited is link analysis (Chapanis, 1959;
Wierwille, 1981; Woodson, 1981). Unfortunately, metrics to estimate the amount
of grouping achieved in a panel have been inadequate.

Some quantitative measures of display formatting were originally
proposed by Tullis (1983) and redefined by Palmiter and Elkerton (1987) to be
applicable to control panels. These authors define grouping as the extent to
which items form well-defined perceptual groups. Unfortunately, they do not

specify the semantics of the grouping criteria.

Figures 7 and 8 illustrate an application of these indices to the CLI
layouts presented previously. The metric highlights an important difference
between the command language layouts. Grouping is poor in Layout 1 because
the buttons in the keypad do not match the structure and groups of the CNC-

DYNA command language illustrated in Figures 3 and 4. Furthermore, the
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sequential principle is being applied to Layout 2 but, instead of considering
individual keys, key-groups are sequentially arranged, according to the
expected sequences of moves. It can be expected that Layout 2 will be more
effective than Layout 1 because the Command Language representation on the

panel matches the Command Language structure of the control language.

Direct Manipulation Interfaces.

The functional grouping principle emphasizes the formation of groups
that can reduce the user's difficulty in finding a command key on a panel.
However, the items to be grouped can be tasks such as milling a pocket or
milling a frame. A change of focus from control-language commands to milling
tasks is an important difference between CLI| and DMI. According to
Shneiderman (1982), the three essential features of direct manipulation are:
"(1) a continuous representation of the object of interest, (2) physical actions or
labeled button presses instead of complex syntax, and (3) rapid incremental
reversible operations whose impact on the object of interest is immediately

visible" (Shneiderman, 1982, p. 251).

Thus, a true DMI for CNC programming should include: (1) a continuous
representation of the milling surface and the raw material, (2) a set of labeled
buttons (e.g., digits and yes/no options) to specify the transformations of the raw
material icon which will be finally generated by the CNC machine, and (3) a
graphic representation of the raw material that would allow the user to confirm

the changes that will be produced by the CNC machine.
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MODE KEYS
(1)LINE NUMBER MODE ( line editing ):
NEXT; PREVIOUS; INSERT; DELElt;  READ/WRITE

(2)PROGRAM RUN ( sends program to CNC machine )

(3)MANURL( direct and emergency moues commands):
GO< UP | DOWN >; GO< LEFT | RIGHT >;
GO< CLOSER | FURTHER >; STEPS < SMALL | LARGE >

(4)PROGRAM MODE ( all the commands below)

PROGRAMING KEYS
(4.1) HERDINGS GROUP
STARTC IN | MM >< program number >
T0OL DIAMETERS diam in inches | milimeters >
FEED RATE< ® | vy | z >=C RPM >
(¢.2) MOUVES GROUP
GO ABSC i | o X< xlulziTlu >< +|- ><length >
G0 REL{ i | o X< xivlziriu >< +|- ><Clength >
CHANGE SIGN < xluyl z | u>
(4.3) REFERENCES GROUP
2 --> Z CLERR
Z —> 2 MAK
HY --> REF 0
PROG REF
(4.4) JUMPS GROUP
SKIP T0< line number >
CALL SUB< subroutine number >
SUBROUTINEC subroutine number >
SUB RETURN
(4.5) COMMUNICARTIONS
CONTROL< buzzer(1) | pulse out(2) | pulse in(3) >
SPINDLES OFF | ON >
DWELL< number of seconds >

Figure 3. Command categories of the CNC-Dyna

command language.
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Line Number | i Line Edition

File Manipulation

\Y

Headings a

Program Mode Moves ‘f
(prog. commands) [— References Ll |

Communications a

Jumps Ib

e

s

nw~—Qa —

Program Run

Figure 4. Tree graph of CNC-Dyna language syntax.
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progr.|| line .
enter no. program display
progr.
run
start |[90 abs [z)z clr| X
Z>Z max
tool ((go rel y | 7 8
diamet ° dwell 9
feed y4 5
rate 4 6
progr. skip to 1 2 3
ref | >refCocJ yes no contrl
l 0 +/= |
end xy>ref0 spindle
. repeat prev. |[next |fpe1
shift ot end||rd/wrt ||insert ||delete _half__

Figure 5. Reduced version of CNC-Dyna
control panel.







































































































































































































































































































































































































































