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 Summary

The project commenced April 1, 2007.  The research questions were: (i) what are the consequences 

of mirrored and non-mirrored control layouts for error rates and reaction time?; (ii) what are the effects 

of shape and length coding on error rates and reaction time?; (iii) what are the directional control-

responses stereotypes in different planes?, and their relative strengths?; and (iv) what are the 

consequences of coding and control-response relationships on training time, error rates and reaction 

time during virtual reality and physical simulations of tasks analogous to bolting? These questions 

were addressed in a series of experiments involving both virtual and physical simulations. 

A simulation of a generic device was constructed in the virtual environments laboratory at The 

University of Queensland in collaboration with Ms. Veronica Krupenia  and Dr. Guy Wallis.  A panel of 
four levers was designed and built which allowed the height, lever orientation, distance between 

controls, and handle shapes to be adjusted. The interface consists of four handles connected to 

joysticks which communicate with the computer providing the virtual environment and these levers 

were used to control a virtual device in the following dimensions: slew left and right (rotation about a 

vertical axis of rotation); elevation and depression (rotation up or down about a transverse axis of 

rotation); extension and retraction (lengthening or shortening of the virtual device); and a changing the 

devices colour.  Following pilot work, a series of four experiments involving 228 participants were 

undertaken using the virtual environment. The variables manipulated during these experiments were: 

lever orientation; handle coding; directional control response relationships; and lever layout.

A physical model of a single boom bolter controlled by five levers was constructed at the Mining Injury 
Prevention Branch, National Institute for Occupational Safety and Health, Pittsburgh Research 

Laboratory (USA) in collaboration with Ms Lisa Steiner. The levers were used to: swing the boom away 

or towards the participant (analogous to slew); raise or lower the boom and drill head; sump the 

boom in bye or out bye; raise or lower the stab jack; or change the colour of the drill head. This 

device was used for a fifth experiment involving a further 48 participants in which the handle coding, 

lever orientation and directional control response relationships were varied.

“Mirror” vs “Place” control layouts.

Experiments 1 & 2 addressed this issue. Neither experiment detected significant differences in 

selection error rates or reaction time when participants changed sides to either mirror or non-mirrored 
lever layouts. Experiment 2 demonstrated that both mirror and place arrangements offered some 

advantage over a random arrangement (at least in the absence of shape-coding). 

No recommendation is able to be made regarding “mirror” vs “place” lever arrangement. It 

may be that operators will cope equally well with either arrangement, although consistency is likely to 

be an advantage. 
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Coding

Experiments 1, 3, 4 & 5 collectively addressed shape coding and length coding. Based on the 
ubiquity of recommendations regarding the desirability of shape coding, it was anticipated that shape 

coding would provide substantial advantages in reducing selection error rates over non-shape coded 

situations. On the contrary however, neither shape coding (nor length coding) was found to provide 

significant benefit when the location of the control levers remained constant. It appears that if the 

location of levers remains constant the coding available in the location of the levers is sufficient to 

reduce the selection error rate to very low levels, although there was some evidence from the reaction 

time data that the additional information available in the shape coding conditions was being 

processed in some situations. 

The only situation in which shape coding was demonstrated to be a benefit in reducing selection error 

rates was when the lever bank changed sides during Experiment 1 (changing the location of the 
levers). In this case there were significantly fewer selection errors made by participants assigned to 

shape coded lever conditions for the block of trials immediately following the change of side. Further 

investigation of the previous literature revealed consistent findings. 

These findings support a recommendation that:

1. Shape coding should be employed for bolting control levers.

However, for a benefit to be gained, the shapes must have a consistent relationship to lever function 

between different bolting equipment, as well as within the same piece of equipment. That is: 

2. The shapes utilised for the primary bolting functions should be standardised across all 

bolting rigs as stipulated by the 2009 draft of MDG35.

Further, the provision of shape coding controls creates an new risk that selection errors may be 

provoked if the shapes were inadvertently fitted to the incorrect lever during equipment maintenance. 
Consequently, it is recommended that: 

3. MDG35 should include an additional provision that the design of the control valves must 

incorporate a means of ensuring that the shaped handles cannot be inadvertently fitted to 

the incorrect lever. 

If this were to occur, it would be likely to create a situation in which the probability of a selection error 

was increased, rather than decreased. These recommendations have been communicated to the 

NSW Department of Primary Industries for consideration for inclusion in the final version of MDG35.

Directional control-response relationships.

Experiments 3, 4 & 5 collectively addressed the consequences of varying directional control-response 

relationships in a range of circumstances, including varied control location (left, right & front) and 
orientation (horizontal and vertical) as well as both virtual and physical simulations.
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Large differences were demonstrated in the rate of direction errors (and magnitude of reaction times) 

between different directional control-response relationships. These findings reinforce the importance 
of this aspect of bolting control design. The results indicate that directional compatibility effects are 

not as straightforward as current standards and guidelines suggest. 

In most, but not all, situations it is most important to ensure that control-response relationships 

correspond spatially, and the general recommendation that the direction of movement of a control 

should be in the same direction as the response, is sound. In particular, in contrast to the data 

reported by Chan et al. (1985), consistently fewer directional errors were made when a horizontal lever 

was moved upwards to cause an upwards rotation of a controlled device, regardless of whether the 

plane of movement of the rotated device was coincident with the plane of movement of the control. 

A general observation which can be made regarding directional control response relationships is that 

very few directional errors occurred when extension (lengthening) of the virtual device was caused by 
raising a horizontal control. (The only exception occurred when a horizontal lever located to a 

participant’s right was used to cause extension horizontally to the left). The following 

recommendations for the design of bolting rigs are justified for inclusion in MDG35. 

4. Where horizontal levers are used to control the extension of a timber jack to either the 

roof or rib, an upward movement of a horizontal control should be employed to cause 

extension.

5. Where horizontal levers are used to control drill feed to roof or rib, an upward movement 

of a horizontal control should be employed to cause feed. 

Similarly, when extension was controlled by a vertical lever, fewer directional errors occurred without 

exception when lengthening of the device was caused by a movement of the vertical lever away from 
the operator. Consequently, the following recommendations for the design of bolting rigs are justified.

6. Where vertical levers are used to control extension of a timber jack to roof or rib,  a 

movement of the vertical lever away from the operator should be employed to cause 

extension.

7. Where vertical levers are used to control drill feed to roof or rib, a movement of the 

vertical lever away from the operator should be employed to cause feed.

These recommendations have been communicated to the NSW Department of Primary Industries for 

consideration for inclusion in the final MDG35.

These recommendations regarding directional control relationships apply to the design of new bolting 

rigs. A variety of directional control-response relationships are found on bolting rigs currently in use. 
The consequences of making alterations those existing rigs which do not conform to the above 

directional control-response relationships are unknown. Further research is required before 

recommendations could be made regarding changes to existing bolting control configurations.

8. Further research should be undertaken to determine the consequences of changing 

directional control-response relationships for existing equipment.
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Introduction

ACARP Project C14016 Reducing Injury Risks Associated with Underground Mining Equipment 

(Burgess-Limerick, 2005; Burgess-Limerick, 2006; Burgess-Limerick & Steiner, 2006, 2007), 
highlighted a range of injury hazards to the operators of underground mining equipment, including the 

operation of an incorrect control (a selection error), or operating a correct control in an incorrect 

direction (a direction error). Drilling and bolting are activities in which these errors are particularly 

associated with injury. 

Examples of typical bolting controls are illustrated in Figure 1. A variety of lever orientations, locations, 

and directional control-response relationships are evident. Standardising the controls on equipment 

such as bolting machines as a way of reducing the risk of such injuries has been suggested many 

times. Miller and McLellan (1973) commented on the “obvious need” to redesign roof bolting 

machines, suggesting, for example, that of 759 bolting machine related injuries, 72 involved operating 

the wrong control, while Helander et al (1983) determined that 5% of bolting machine accidents were 
caused by control activation errors.  Improvements to guarding to prevent accidental control 

operation, standardisation of mining equipment controls, especially drilling and bolting controls, and 

the use of shape and length coding has been suggested on numerous occasions over the past 40 

years (e.g., Hedling & Folley, 1972; Grayson et al., 1992; Helander et al., 1980; Helander et al, 1983; 

Klishis et al., 1993; Mason et al., 1980; MSHA, 1994; 1997; 1999; Muldoon et al., 1980). 

Hedling and Folley (1972) noted (in the context of continuous miner controls) that “the widespread use 

of traditional round control knobs regardless of function being controlled is another source of error in 

operation”. Similarly, Helander et al., (1980) suggested that “poor human factors principles in the 

design and placement of controls and inappropriately designed workstations contribute to a large 

percentage of the reported injuries” (p. 18). In particular, a lack of standardisation of controls was 
noted, with more than 25 different control sequences being identified, and differences existing even 

on similar machines produced by same manufacturer. A lack of control coding, violations of direction 

stereotypes, a mixture of mirror image and left/right arrangements, and the possibility of inadvertent 

operation was also noted.

Helander and Elliott authored a proposal in 1982 for a Society of Automotive Engineers standard titled 

“Human Factors Guidelines for roof drills” which addressed these issues. The proposed standard was 

later subsumed within a later proposed standard titled “Human factors design guidelines for mobile 

underground mining equipment” which was defeated at a ballot in 1984. (Both proposals are provided 

as appendices to a report by Gilbert, 1990). The standard was not issued despite meetings 

continuing until 1990. Klishis et al., (1993) again noted the lack of standardisation of bolting machine 
controls, even among machines from the same manufacturer, and commented on the potential for 

injuries due to incorrect control operation.
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Figure 1: Examples of bolting rig controls



 

In a six week period in 1994, three operators of roof-bolting machines in the USA were killed. Two 
were crushed between drill head and machine frame while rib bolting, the third crushed between drill 

head and canopy. A “Coal Mine Safety and Health Roof-Bolting-Machine Committee” was formed by 

MSHA to investigate, and a report released (MSHA, 1994) which determined the causes to be the 

unintentional operation of controls. The solutions proposed in this report were: 1. Two-handed fast 

feed; 2. drill head raise shutoff; 3. auxiliary controls; 4. guarding; 5. pinch point identification; 6. self-

centering controls; 7. hands-off drilling; 8. insertion/retrieval devices; 9. standardised control layouts; 

10. pre-operational inspection. Other suggestions included in this report included: “Provide industry-

wide accepted distinct and consistent knob shapes and relative handle lengths to identify 

corresponding control function” and “Standardize machine control lever movement and 

corresponding machine function movement.” 

MSHA subsequently called for industry comment on an advance notice of proposed rule making titled 

“Safety standards for the use of roof-bolting machines in underground mines” (MSHA, 1997) which 

suggested that MSHA was developing design criteria for underground bolting machines.  On Feb 12, 

1998 the comment period was extended to March 9, 1998, however no related rule or design criteria 

were subsequently released. 

These conclusions are consistent with a safety alert issued by 

the NSW Department of Primary Industries in 2005 which noted 

serious injuries occurring as a consequence of unintentional and 

intentional bolting control activation. The safety alert included the 

following as potential control measures: two handed control for 
fast speed operation; minimisation of pinch points; guarding to 

reduce inadvertent operation; shape coding; and standardised 

control layouts. These measures were also included in the 

February 2009 draft of the Department’s Machine Design Guide 

35.1 “Guideline for bolting and drilling plant in mines. Part 1: 

Bolting plant for strata support in underground coal mines”. The 

draft includes suggested knob shapes for primary bolting 

controls (rotation, feed and timber jack). Both new and 

refurbished bolting controls are appearing on mine sites with this 

shape coding in place (see Figure 2).

Whilst standardisation of bolting controls is desirable, differences between manufacturers in current 

designs make this a sensitive issue. All authors agree that coding by handle shape and/or length, and 

consistent arrangements of primary controls is desirable. However, the relative magnitudes of benefits 

associated with shape, length and location coding is unknown. This is necessary before evidence 

based recommendations may be made regarding the relative importance of each type of coding, and 

whether all methods should be employed, or whether a subset is sufficient to reduce the probability of 

selection errors to negligible levels.
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Figure 2: Shape coding implemented on 

refurbished bolting rigs



There are also at least two open questions regarding principles for optimal control layout. One is 

whether the layout of controls to be operated by left and right hands should be mirrored; the second 
concerns the appropriate relationships between control and response direction. These issues are 

summarised below.

Mirrored or non-mirrored?

Where machine has dual controls, a question arises regarding the appropriate layout of controls. One 

alternative is for the control arrangement to be “mirrored”, that is for the controls to be laid out such 

that controls to be operated by left and right hands are in the same order relative to the chuck, that is 

the control closest to the chuck on each side correspond to the same machine function. A non-

mirrored arrangement, or “place” arrangement has the controls laid out in the same order left-to-right, 

that is the left-most control on both sides controls the same function, and so on (Figure 3).

Helander et al., (1980) noted that the question was controversial, and cited a Masters thesis by Pigg 

(1954) as the best available evidence. This research involved 64 participants learning a four choice 
reaction time task in which different colours of a light were paired with four switches placed in a row 

facing the participant to the left or right of a display containing the light. After 6 blocks of 8 trials, 

subjects changed hands and repeated the task with the switches either presented in the same left-

right sequence, or in a mirrored sequence. The mean time taken to complete eight correct responses 

(including the time taken for errors) was longer for the first 8 trials following the change of hand for 

those participants in the left-right condition relative to the mirror condition, but this difference was 

absent in the second and subsequent 8 trial series. Fewer errors were also made, however no 

statistical analysis was undertaken error data.  On the basis of these results, Helander et al 

recommended a mirrored layout, and this recommendation was contained in the “Human Factors 

Guidelines for roof drills” proposed by Helander and Elliott in 1982. (Gilbert, 1990). 

However, while not citing any evidence, a contrary recommendation was made by Muldoon et al 

(1980) - “Once an operator learns that rotate is to the left of feed, he should not have to relearn that 

rotate is to the right of feed on the right boom.” … “Since mirror image controls confuse the operator 

and do not increase efficiency, they should not be used” p. 41. The proposed “Human Factors 

Guidelines for Mobile Underground Equipment” provided by Essex Corporation in 1984 (Gilbert, 1990) 

also recommended against mirror image control configurations for drill stations, and this is also 

consistent with AS4024.

8

The need to standardise bolting machine controls as a way of reducing the risk of such injuries 
has long been recognised. Miller and McLellan (1973) commented on the “obvious need” to 
redesign roof bolting machines, suggesting, for example, that of 759 bolting machine related injuries, 
72 involved operating the wrong control, while Helander et al (1983) determined that 5% of 
bolting machine accidents were caused by control activation errors. Improvements to guarding to 
prevent accidental control operation, standardisation of mining equipment controls, especially drilling 
and bolting controls, and the use of shape and length coding has been suggested on numerous 
occasions over the past 40 years (e.g., Hedling & Folley, 1972; Grayson et al., 1992; Helander et al., 
1980; Helander et al., 1983; Klishis et al., 1993; Mason et al., 1980; MSHA, 1994; 1997; 1999; 
Muldoon et al., 1980). 

Hedling and Folley (1972) noted (in the context of continuous miner controls) that “the widespread 
use of traditional round control knobs regardless of function being controlled is another source of 
error in operation”. Similarly, Helander et al., (1980) suggested that “poor human factors principles 
in the design and placement of controls and inappropriately designed workstations contribute to a 
large percentage of the reported injuries” (p. 18). In particular, a lack of standardisation of controls 
was noted, with more than 25 different control sequences being identified, differences existing even 
on similar machines produced by same manufacturer. Helander et al also noted the lack of control 
coding, violation of direction stereotypes, a mixture mirror image and left/right arrangements, and 
the possibility of inadvertent operation.

The probability of selecting the incorrect control may be reduced through consistent location of 
controls on both sides of miner (known as location coding). Where a machine has dual controls 
on opposite sides and operated by opposite hands, a question arises regarding the appropriate 
layout of controls.

One alternative is for the control arrangement to be “mirrored”, that is for the controls to be laid 
out such that controls to be operated by left and right hands are in the same order relative to the 
chuck, that is the control closest to the chuck on each side correspond to the same machine function. 
A non-mirrored arrangement, or “place” arrangement has the controls laid out in the same order 
left-to-right, that is the left-most control on both sides controls the same function, and so on.

“Mirror” and “Place” alternatives (Helander et al., 1980)
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Figure 3: “Mirror” and “Place” alternatives 

(after Helander et al., 1980)



Control-response directional compatibility

The importance of ensuring “compatible” directional control response relationships is unanimously 
agreed, that is, the direction which the controlled element moves in response to a movement of a 

control should correspond to the operators’ expectations. Contraventions of this principle increase 

errors, increase reaction time, and increase the time taken to learn to use equipment proficiently. 

Directional compatibility is often expressed as implying that the movement of a control should be in 

the same direction as the movement of the controlled element which results eg., “The single most 

important control optimisation is to have controls move in the direction of the component controlled”. 

Muldoon et al., (1980); p 41. This logic leads to the common recommendation that a horizontal 

control lever should be moved upwards to cause an upward movement of a controlled element. 

This recommendation is reflected in ISO/TS 15077 which applies to controls for tractors and self-

propelled machinery for agriculture and forestry, as well as AS4024 (via its reference to IEC 60447: 
2004), although no evidence is provided. AS2956.1 (1988, also ISO4557) allows deviations from this 

arrangement:  “The movement of the following controls in relation to their neutral position shall be in 

the same general direction as the movement they control unless customary usage or combining of 

controls dictates otherwise”.

The issue is not straight forward. A number of authors have noted the relatively common practice to 

reverse this situation on bolting rigs where downward movement of horizontal control is associated 

with upward movement of controlled element such as boom or a timber jack. While some reports 

note this as a violation of directional control-response relationships, Chan et al., 1985 noted that 

response may be compatible if the operators assume a “see-saw” mental model of the situation 

where moving the near end of the control downward causes the far end (and the controlled element) 
to move upward. 

Chan et al. (1985; Simpson & Chan, 1988) investigated this situation through an experiment in which 

144 people reported the direction they would move a control lever to achieve a specified effect, on a 

1/10th model of a drill loading machine. The results indicated that while the majority of people 

reported responses consistent with a “see-saw” mental model, the stereotype was far from universal, 

and up to 33% of people reported expectations for “up=up”. Extremely strong expectations were 

reported for the movement of vertical controls however, with more than 90% of people expecting a 

backward movement of a vertical lever to cause an upward movement of a controlled device, and this 

is consistent with recommendations found in relevant standards.  Chan et al (1985) suggested that 

“conflicting recommendations and gaps in the literature would need to be resolved before any 
standardisation of control-response relationships for mining machines was possible” This statement 

remains true, and this project aims to clarify the consequences of different orientations of controls and 

controlled elements to allow justifiable recommendations to be made for incorporation in standards.
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Methods

General strategy

Two different simulated tasks were developed. One was a computer generated simulation of a generic 
device capable of slewing left and right (rotation about a vertical axis of rotation), elevation & 

depression (rotation about a transverse axis of rotation), extension & retraction (lengthening or 

shortening), and changing colour. The experiments utilising the virtual simulation were undertaken 

within the Virtual Environments Laboratory within the School of Human Movement Studies, The 

University of Queensland in collaboration with Dr. Guy Wallis, and with the assistance of Veronica 

Krupenia, Dr Christine Zupanc, and Arko Pratim Bannerjee. 

The second task involved a physical simulation similar in configuration to a single boom bolting 

machine.  The physical simulation was located at the Mining Injury Prevention Branch, National 

Institute for Occupational Safety and Health, Pittsburgh Research Laboratory (USA), and this 

experiment was designed in collaboration with Lisa Steiner.  

During the experiments, research participants manipulated levers to cause the virtual or physical 

simulation to move as required. The movement required was indicated by either the movement of a 

second virtual device in the case of virtual environment, or though presentation of the video clip in the 

case of the physical model. The performance was quantified in terms of the number of selection and 

direction errors made, and the time taken to respond. A series of five experiments were undertaken to 

address the research questions. Pilot data, and Experiments 1 and 4, were undertaken by Veronica 

Krupenia and incorporated within her Masters of Philosophy thesis (Krupenia, 2008). The data 

collection for Experiment 2 was conducted by Dr. Christine Zupanc.  The data collection for 

Experiment 3 was conducted by Arko Pratim Bannerjee as part of a Masters of Ergonomics program. 

The data collection for Experiment 5 was conducted by Lisa Steiner, NIOSH Pittsburgh Research 
Laboratory.

Virtual simulation

A control panel was been designed and fabricated in which four control levers interfaced with a virtual 

device1 (Figure 4). The control panel consists of four levers which could be altered in orientation. The 

handles were either identical, or shaped coded using the shapes defined in MDG 35. 
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1 The virtual scene was created by a Silicon Graphics Onyx 350 equipped with InfiniteReality II graphics. The image is pro-

jected onto a reflective screen using a BARCO 808S analogue projector with a 24 Hz frame rate and screen resolution of 

1280 x 1024 pixels.



         

The participants used the four levers to cause the movements of the virtual device (right) to match 

those of the computer controlled stimulus image (left). The movements corresponding to each lever 

are described below (Figure 5). 

Each of the four levers was operated during each trial. The required lever and direction of operation 

was indicated to the participant by the computer controlled image slewing left or right, elevating or 

depressing, extending or retracting, or changing colour. The participants’ task was to move the 

correct lever in the correct direction to cause a matching change in the participant controlled virtual 

image. If the correct control was operated in the correct direction, a C Major chord was played, and 

the next required movement presented. The time taken for the participant to make the correct 

response was recorded (reaction time). If an error was made, a different tone was played, the 

participant controlled virtual device returned to its prior position, and the movement repeated until the 
correct movement is achieved. The nature of the initial error (selection or direction) was noted. The 

order and direction of lever movements varied pseudo-randomly in that each of 16 different 

combinations of required movements was presented in random order during each block of trials. The 

16 combinations are described in Table 1. Figure 6 provides examples of the images from two trials.

Extend/Retract
Raise/Lower

Red/Blue
Left/Right

Extend/Retract
Raise/Lower

Red/Blue
Left/Right
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Extension  Slew   Colour   Elevation Extension  Slew   Colour   Elevation

Control panel (horizontal, identical handles) Virtual devices

Figure 4: Virtual simulation used for Experiments 1 - 4.

Figure 5: Levers allocated to device response



Trial number Movement  1 Movement 2 Movement 3 Movement 4

1 Red Up Extend Slew right

2 Up Blue Retract Slew right

3 Up Extend Red Slew left

4 Up Retract Slew left Blue 

5 Blue Slew left Up Extend

6 Slew left Red Up Retract

7 Slew right Up Blue Extend

8 Slew right Up Retract Red

9 Red Slew right Down Extend

10 Slew right Blue Down Retract

11 Slew left Down Red Extend

12 Slew left Down Retract Blue 

13 Blue Down Slew right Extend

14 Down Red Slew right Retract

15 Down Slew left Blue Extend

16 Down Slew left Retract Red

1.1 Colour
red

1.2 Slew right 1.3 Lower 1.4 Extend

2.3 Colour red 2.4 Slew left2.1 Raise 2.2 Extend

Figure 6: Two examples (trial order 9 and 3). In each image the computer controlled stimulus image (left) is indi-

cating the control movement required by the participant.
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Table 1: The sixteen combinations of device movements presented in random order in each block of trials



Two sets of directional control-response relationships were defined. In Control-Response-Relationship 

1 (CRR1) an upward movement of a horizontal lever, or a movement of a vertical lever away from the 
participant, caused either: (i) the colour to change to Red; (ii) the virtual device to slew to the right; (iii) 

the virtual device to elevate (if elevation occured prior to slew then this was a rotation rotate directly 

towards the participant or, if the elevation was preceded by slew, then this movement was either a 

clockwise or anti-clockwise rotation in the plane of the screen); or (iv) the centre part of the virtual 

device to extend. (This extension was in a vertical plane for those trials where elevation preceded 

extension/retraction, and in a horizontal plane when extension/retraction was preceded by 

depression). These relationships were reversed in Control-Response-Relationship 2 (CRR2).

Physical simulation

The second simulation was a hydraulically operated physical model similar in configuration to a single 

boom bolting machine (Figure 7). The simulation included 5 levers controlling (i) the colour of a light 
mounted on the simulated drill head (red or yellow); (ii) the swing of the boom about a vertical axis of 

rotation towards or away from the operator; (iii) the elevation or depression of the boom via rotation 

about a transverse axis of rotation which caused the simulated drill head to raise or lower; (iv) sump 

(horizontal translation) of the boom in-bye or out-bye; and (iv) raising or lowering of a simulated stab 

jack. The levers could be mounted with horizontally or vertically. The handles were either identical, 

shape-coded using the same shapes as for the virtual simulation, or length coded in that the middle 

lever was lengthened relative to the other levers (shapes identical). Selection errors, direction errors, 

and time to move each lever were recorded. 

Two sets of directional control-response relationships were defined for experiment 5. In Control-
Response-Relationship 1 (CRR1) an upward movement of a horizontal lever, or a movement of a 

vertical lever away from the participant, caused either: (i) the colour to change to Red; (ii) the boom to 

swing about a vertical axis of rotation towards the participant; (iii) the boom to elevate, raising the drill 

head; (iv) the boom to sump (translate) in-bye; or (v) the stab jack to lower. These relationships were 

reversed in Control-Response-Relationship 2 (CRR2)
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Figure 7: Hydraulically operated model of a single boom bolting rig (NIOSH Pittsburgh Research Laboratory).



Analysis

For selection error and direction error, the percentages of each error were calculated. Error data are 
bounded by zero, and the distributions were consequently skewed. Hence, median and interquartile 

ranges for these data are presented graphically, and inferential statistical analysis (Factorial ANOVA) 

were undertaken on log transformed data2. All error figures provide median and interquartile ranges. 

All figures for reaction time present mean and 95% confidence intervals. Factorial ANOVA were 

calculated directly from the reaction time data.

Experimental Series Summary 

Following pilot data collection, Experiment 1 was conducted in which 48 participants were assigned 

to shape coded or non-coded horizontal controls, with the controls initially placed on the left or right 

side of the participant. The participants completed 5 blocks of 16 trials (each trial involving moving 

each of 4 levers. Following the initial 5 blocks of 16 trials, the participants change sides to perform a 
second set of 5 blocks of 16 trials with the levers on the opposite side. For 24 of the the participants 

the order of the levers remained constant from left to right (“place” transfer condition), while for the 

remaining 24 participants the lever order was reversed (“mirror” transfer condition). 

In Experiment 2, 36 participants completed 10 blocks of 16 trials, with the location of the levers 

alternating between left and right for each block. The participants were randomly assigned to (i) the 

initial side (left or right) and (ii) mirror or place arrangement of levers. The levers were horizontal and 

non-shape coded. 

In Experiment 3, 48 participants completed 10 blocks of 16 trials in which the levers were located 

directly in front of the participants. The participants were randomly assigned to (i) shape coded or non 

coded controls; (ii) vertical or horizontal levers; (iii) left or right hand; and (iv) two different direction 
compatibility conditions (CRR1 & CRR2).

In Experiment 4, 96 participants completed 10 blocks of 16 trials. The participants were randomly 

assigned to (i) Shape coded or non coded controls; (ii) vertical or horizontal levers; (iii) left or right side; 

and (iv) two different direction compatibility conditions (CRR1 & CRR2). 

In Experiment 5 (using the physical simulation of a single boom bolter), 48 participants were randomly 

assigned to: (i) shape-coded, length-coded, or non-coded controls; (ii) horizontal or vertical levers; 

and (iii) two different direction compatibility conditions (CRR1 & CRR2). Each participant performed 16 

blocks of 40 lever movements.
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2 The log of zero is undefined. There were frequent zero error values, and consequently the data were transformed to accu-

racy scores, ie (100-%error) prior to the log transform being applied.



Results

Experiment 1

In Experiment 1, 48 participants were assigned to shape coded or non-coded horizontal controls, 
with the controls initially placed on the left or right side of the participant. The participants completed 

5 blocks of 16 trials (each trial involving moving each of 4 levers, prompted via a visual stimuli of a 

virtual device). Following the initial 5 trials, the participants changed sides, and performed a second 

set of 5 blocks of trials with the levers on the opposite side. For 24 of the the participants the order of 

the levers remained constant from left to right (“place” transfer condition), while for the remaining 24 

participants the lever order was reversed (“mirror” transfer condition). Figure 8 provides median 

selection errors and mean reaction time for each group as a function of block.
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Figure 8: Median (interquartile range) selection errors and mean (95% confidence interval) reaction time as a 

function of group and block for Experiment 1
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The error and reaction time data for the block of trials (block 6) immediately following the change of 
sides was extracted for further analysis (Figure 9). A Two-way ANOVA on the log transformed error 

data revealed a significant effect of coding (F[1,44]=7.54, p=0.009), but no significant effect of lever 

layout (mirror or place) (F[1,44]=0.005, p=0.947), nor any interaction (F[1,44]=0.19, p=0.665). No 

significant differences were found for reaction time during this block of trials. (Effect of coding 

F[1,44]=2.422, p=0.127; Effect of group F[1,44]=0.033,p=0.858; Interaction F[1,44]=0.128,p=0.723.

Place Mirror
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non shape-coded
shape-coded

Block 6

Although there was no overall effect of shape coding on the probability of selection errors, shape 

coding was effective in reducing the probability of participants’ making a selection error during the 

block of 16 trials immediately following the change of sides. This mimics the situation which would 

occur if a person changed sides of a machine, or to a different machine. If consistent shape coding is 

employed, the increased probability of a control selection error associated with changing sides (and 

hence control location) is reduced. This result justifies the recommendation of shape coding for 
adjacent control levers, as long as consistent shape coding is employed. The results did not indicate 

any significant differences between mirror and place layout transfer conditions. 

Reaction time decreased over the first five blocks, following by a temporary increase during the block 

following the change of side. There was no evidence of an effect of mirror or place condition on 

reaction time, however a consistent trend (across levers and blocks) was evident for reaction time to 

be greater for those participants assigned to the shape coded controls, and this difference 

approached statistical significance (p=0.09). While this difference (of the order of 1/10 of a second) is 

not relevant to the overall time taken to perform a task, it may provide  additional evidence that 

participants were processing the additional information available in the shape coding condition prior to 

executing a lever movement.
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Figure 9: Median (interquartile range) selection errors and mean (95% confidence interval) reaction time for the 

block of 16 trials following the change of side (Block 6).
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Experiment 2

In Experiment 2, 36 participants completed 10 blocks of 16 trials, with the location of the levers 

alternating between left and right between each block. The participants were randomly assigned to (i) 

the initial side (left or right) and (ii) mirror, place, or random arrangement of levers. The levers were 

non-shape coded and direction compatibility was constant. Selection errors and reaction time were 

examined to determine whether arrangement of levers influenced selection errors in a situation in 

which levers are operated from both sides (Figure 10).
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Figure 10: Median (interquartile range) selection errors and mean (95% confidence interval) reaction time as a 

function of group and block for Experiment 2
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Although the median selection error rate for participants assigned to the mirror condition (0.8%) was 

lower than the median error rate for place (1.4%) or random conditions (1.5%), the differences were 
not statistically significant. Two-way ANOVA performed using log transformed accuracy data - main 

effect of block (F[9,297]=6.37, p<0.001; main effect of arrangement F[2,297]=0.63, p=0.537; 

interaction F[18,297]=0.74,p=0.773).

Similarly, while the mean reaction time for the random condition (1874 ms) was greater than the place 

(1654 ms) or random condition (1619 ms), the differences were not statistically significant. Two-way 

ANOVA revealed that while the main effect of group was not significant; there was a significant effect 

of block on reaction time (F[2,297]=63, p< 0.001) and a significant interaction between block and 

group (F [18,297]=2.014, p=0.0091) indicating that longer time was taken to operate the levers by 

participants in the random lever arrangement during some blocks (2-5). No significant differences 

between place and mirror arrangements were present.
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Experiment 3 - Front on controls

In Experiment 3, 48 participants completed 10 blocks of 16 trials in which the levers were located 
directly in front of the participants. The participants were randomly assigned to (i) Shape coded or non 

coded controls; (ii) vertical or horizontal levers; (iii) left or right hand; and (iv) two different direction 

compatibility conditions (CRR1 & CRR2). 

Figure 11: Median (interquartile range) selection errors and mean (95% confidence interval) reaction time as a 

function of coding and block for Experiment 3

Median selection error rate for the initial block of 16 trials was 3.125% for participants in non-shape 

coded conditions, and 1.56% for participants in the shape coded conditions (Figure 11). In the 

second block the median selection errors rate was 0.78 % for participants in the non-shape coded 

conditions, and 0% for participants in the shape coded conditions. A two-way ANOVA conducted on 
the log transformed data highlighted a main effect of block (F[6,414]=11.2, p<0.0001) but no main 

effect of group (F[9,414]=0.973, p=0.329) nor any interaction between group and block 

(F[9,414]=0.522,p=0.858).

The mean reaction time for all correct lever movements was 1323 ms (SD=269 ms)  for participants 

performing the task in the non-shape coded control conditions, and 1230 ms (SD=161 ms) for 

participants assigned to the shape coded conditions. However, while 2-way repeated measures 

ANOVA indicated a significant effect of block (F[9,414]=52.92, p<0.0001), no significant interaction 

between coding condition and block (F[9,414]=0.07695, p=0.6448), nor a significant effect of coding 

condition (F[1,414]=2.064, p=0.1576) was found.
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Figure 12: Mean (95% confidence interval) reaction time as a function of coding and lever for Experiment 3

The mean reaction time varied between levers (F[3,46]=96.4 p<0.001). While there was no overall 

main effect of coding (F[3,46]=2.11 p=0.15) a significant interaction occurred between coding 

condition and lever  (F[3,46]=2.74 p=0.046) (Figure 12).

Effect of directional control-response relationship for front-on controls

Two-way ANOVA (Lever orientation x CRR) for direction errors are provided in Table 2.

Table 2: Experiment 3 - Two-way ANOVA results for each lever. 

Direction ErrorsDirection ErrorsDirection ErrorsDirection ErrorsDirection ErrorsDirection Errors Reaction TimeReaction TimeReaction TimeReaction TimeReaction TimeReaction Time

OrientationOrientation CRRCRR InteractionInteraction OrientationOrientation CRRCRR InteractionInteraction

Lever F p F p F p F p F p F p

Colour 0.04 0.851 0.19 0.666 1.98 0.166 2.5 0.121 0.05 0.826 0.12 0.729

Slew 1.29 0.261 0.12 0.728 0.66 0.421 4.6 0.038 0.06 0.903 0.06 0.801

Vertical 
Extension 

0.68 0.413 22.6 <0.001 1.65 0.206 2.7 0.104 13.8 <0.001 0.21 0.844

Horizontal 
Extension

0.25 0.508 11.8 0.001 0.45 0.51 1.4 0.236 10.2 0.003 0.23 0.635

Elevation 
straight

1.68 0.201 0.05 0.838 7.57 0.009 1.23 0.274 2.28 0.099 3.84 0.0564

Elevation 
laterally

4.97 0.03 5.84 0.02 0.05 0.820 0.2 0.663 1.46 0.233 1.45 0.235

Note: all df (1,44). ANOVA for direction errors calculated from log transformed data.
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Colour. No significant effects of lever orientation or directional control response relationship were 
observed for direction error or reaction time for the colour lever (Table 2, Figure 13). The median 

direction error across all conditions was 0.63%. This result confirms that the random allocation of 

participants to the different conditions was successful in achieving comparable groups.
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Figure 13: Median (interquartile range) direction errors and mean (95% confidence interval) reaction time as a 

function of control-response condition and lever orientation for colour responses

Slew. No significant effects of lever orientation or directional control response relationship were 

observed for direction error for the slew lever (Table 2, Figure 14). The median direction error across all 
condition was 3.1%. While there was no effect of control-response relationship on reaction time, an 

effect of lever orientation was observed. 
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Figure 14: Median (interquartile range) direction errors and mean (95% confidence interval) reaction time as a 

function of control-response condition and lever orientation for slew responses.

Extension vertical. The median rate of direction errors when extension or retraction of the virtual 

device in a vertical direction was required was significantly lower in the CRR1 condition regardless of 

the control orientation (Figure 15). The reaction time results were consistent and a significant effect of 

control response relationship was observed. There were no differences between vertical and 
horizontal orientations. An upward movement of a horizontal lever to extend a device vertically 

upwards was associated with fewer errors, and faster, performance in this experiment where the 

controls were in front of the participants. Similarly, movement of a vertical control lever away from the 

 Burgess-Limerick & Associates

ACARP Project C16013 Final Report - March 2009                                 p. 20

Colour

Horizontal Vertical
800

1000

1200

1400

1600

1800

2000

2200
CRR1 CRR2

Slew

Horizontal Vertical
800

1000

1200

1400

1600

1800

2000

2200
CRR1 CRR2



forward facing operator to extend (lengthen) the controlled device vertically upwards was associated 

with faster responses and fewer errors.
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Figure 15: Median (interquartile range) direction errors and mean (95% confidence interval) reaction time as a 

function of control-response condition and lever orientation for extension (vertical) responses.

Extension horizontally.  A similar pattern was evident for extension horizontally (Figure 16). Significantly 

fewer errors and significantly faster reaction times were observed for participants assigned to the 

CRR1 condition. No significant effects of orientation were observed, nor were their any significant 

interactions between orientation and directional control response relationship. Requiring a upward 

movement of a horizontal lever, or an away movement of a vertical lever, to cause extension of the 

controlled device horizontally was associated with fewer errors and faster reaction time.
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Figure 16: Median (interquartile range) direction errors and mean (95% confidence interval) reaction time as a 

function of control-response condition and lever orientation for extension (horizontal) responses.
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Elevation straight. A significant interaction between directional control response relationship and lever 

orientation was noted for direction error (Figure 17). When the control lever was horizontal, 
significantly fewer errors were made in the CRR1 condition. When the control lever was vertical, the 

reverse was true. The reaction time data were partially consistent, with CRR1 movements being 

performed more quickly with horizontal controls, although no reaction time difference was found for 

the vertical controls, and the interaction was not statistically significant. To rotate a controlled device 

vertically backwards towards a operator facing the controls, fewer errors occur if a horizontal lever is 

moved upwards, or a vertical lever is moved towards the operator
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Figure 17: Median (interquartile range) direction errors and mean (95% confidence interval) reaction time as a 

function of control-response condition and lever orientation for elevation (straight) responses.

Elevation laterally. When a lever was to be rotated upwards from left or right, significantly fewer 

directional errors were observed when a horizontal control lever was moved upwards (Figure 18). 

Higher error rates occurred when the control response relationship was reversed or when the control 

lever was vertical, regardless of the directional relationship. A similar pattern of results was observed 

for reaction time, although the differences were small relative to the variability of reaction times, and 

the consequently the effects were not statistically significant.
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Figure 18: Median (interquartile range) direction errors and mean (95% confidence interval) reaction time as a 

function of control-response condition and lever orientation for elevation (laterally) responses.
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Experiment 4

In Experiment 4, 96 participants completed 10 blocks of 16 trials. The participants were randomly 
assigned to (i) Shape coded or non coded controls; (ii) vertical or horizontal levers; (iii) left or right side; 

and (iv) two different direction compatibility conditions (CRR1 & CRR2). The median selection errors 

and reaction time for coded and non-coded conditions as a function of block are presented in Figure 

19. A significant effect of block was evident for the selection error rate (F[9,846]=911, p<0.0001), 

however there was no main effect of coding (F[1,846]=0.221, p=0.639), nor was there an interaction 

between coding and block (F[9,846]=0.723, p=0.688).
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Figure 19: Median (interquartile range) selection errors and mean (95% confidence interval) reaction time as a 

function of coding and block for Experiment 4.

A significant effect of block was similarly observed for reaction time (F[9,846]=258, p<0.0001). While 
there was no interaction between coding and block (F[9,846]=0.955, p=0.476), the main effect of 

coding condition was statistically significant (F[1,846]=4.142, p=0.045). Participants assigned to the 

shape coded condition exhibited a longer reaction time. Calculation of the 95% confidence interval for 

the effect size statistic (d=0.42+/-0.4) indicates that the true magnitude of this effect may be trivial 

(0.02), or may be large (0.82). 

A Two-way (lever x coding) ANOVA revealed a significant effect of lever (F[3,282]=139.6, p<0.001); 

and a significant effect of coding (F[1,282]=4.14, p=0.045) on reaction time, however there was no 

significant interaction (F[9,846]=1.14, p=0.333) (Figure 20).

While no evidence was found to indicate that shape coding reduced the probability of selection errors 
being made in this situation, the observation that the time taken to make correct responses was 

consistently longer in the shape coded conditions would be interpreted from an information 

processing, stage, model of movement control (eg., Marteniuk, 1976) as indicating that the additional 

information available in the shape coding was being processed during the decision making stage.
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Effect of directional control-response relationship for side-on controls

Three-way ANOVA (Side x Orientation x CRR) results for direction error and reaction time are provided 

in Table 3 & 4 respectively.

Table 3: Experiment 4 - Three-way ANOVA results for direction errors.

SideSide OrientationOrientation CRRCRR Side x 
Orientation
Side x 
Orientation

Side x CRRSide x CRR Orientation x 
CRR
Orientation x 
CRR

Side x 
Orientation x 
CRR

Side x 
Orientation x 
CRR

F p F p F p F p F p F p F p

Colour 0.46 0.50 1.66 0.20 3.38 0.07 0.44 0.51 1.68 0.20 1.12 0.29 4.01 0.048

Slew 0.94 0.33 2.76 0.10 1.20 0.28 0.15 0.70 14.4 <0.001 0.172 0.68 6.12 0.015

Extend 
vertically

0.001 0.981 0.04 0.84 21.2 <0.001 0.03 0.86 0.02 0.88 0.21 0.65 2.42 0.123

Entend 
right

5.02 0.028 2.39 0.126 11.9 0.001 0.52 0.47 0.575 0.45 0.641 0.426 1.24 0.269

Extend 
Left

0.242 0.624 1.17 0.282 9.49 0.003 0.74 0.39 2.62 0.11 1.81 0.18 0.185 0.668

Elevate 
straight

0.244 0.622 10.2 0.002 2.38 0.13 0.47 0.49 0.008 0.928 27.79 <0.001 0.07 0.79

Elevate 
clockwise

2.20 0.14 0.42 0.52 2.58 0.11 1.14 0.29 0.01 0.93 8.89 0.004 12.8 0.001

Elevate 
anti-
clockwise

2.72 0.10 17.1 <0.001 2.61 0.11 3.31 0.07 9.1 0.003 0.151 0.70 4.07 0.047

Note: all degrees of freedom (1,88). ANOVA for direction errors calculated from log transformed data.
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Figure 20: Mean (95% confidence interval) reaction time as a function of coding and lever for Experiment 4
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Table 4: Experiment 4 - Three-way ANOVA results for reaction time.

SideSide OrientationOrientation CRRCRR Side x 
Orientation
Side x 
Orientation

Side x CRRSide x CRR Orientation x 
CRR
Orientation x 
CRR

Side x 
Orientation x 
CRR

Side x 
Orientation x 
CRR

F p F p F p F p F p F p F p

Colour 0.43 0.52 0.05 0.82 1.77 0.19 0.01 0.91 2.11 0.15 1.16 0.28 0.71 0.4

Slew 0.002 0.97 2.54 0.12 0.89 0.35 0.18 0.67 18.9 <0.001 2.13 0.15 0.04 0.85

Extend 
vertically

0.03 0.86 0.52 0.821 4.72 0.033 3.36 0.07 3.096 0.08 4.83 0.03 0.35 0.55

Entend 
right

0.08 0.78 0.20 0.65 1.81 0.18 1.08 0.3 1.15 0.29 1.48 0.23 2.31 0.132

Extend 
Left

0.63 0.43 0.32 0.571 1.8 0.183 2.53 0.116 0.987 0.323 7.658 0.007 0.298 0.587

Elevate 
straight

0.13 0.721 3.25 0.075 0.53 0.468 0.72 0.40 1.92 0.17 16.4 <0.001 0.13 0.715

Elevate 
clockwise

1.82 0.18 2.74 0.1 0.05 0.83 0.01 0.91 3.42 0.068 21.79 <0.001 1.93 0.16

Elevate 
anti-
clockwise

0.273 0.6 4.31 0.041 0.36 0.55 1.46 0.23 1.1 0.23 15.85 <0.001 0.06 0.81

Note: all degrees of freedom (1,88).

Colour. The rate of direction errors made when changing colour provides an indication of the rate of 
errors which occurs in the absence of any direction relationship between control and response. The 

median rate of direction errors regardless of control orientation or directional response was 1.25%, 

with an interquartile range from 0.31% to 2.8% (Figure 21). Median error rates below 0.3% would 

indicate a highly compatible directional control-response relationship, while values greater than 2.8% 

could be taken to indicate and incompatible relationship. A significant 3-way interaction (p=0.048) 

was found for direction error, however the interpretation is unclear. No significant effects were found 

for reaction time.
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Figure 21: Median (interquartile range) direction errors and mean (95% confidence interval) reaction time as a 

function of control-response condition, lever orientation, and side for colour responses.
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Slew. A significant two-way interaction between lever side and the direction control response 

relationship was observed (Figure 22). Direction errors were made less frequently when: a horizontal 
lever on a participant’s right side was raised to cause a right slew movement (CRR1); a vertical lever 

on a participant’s right side was pushed away to cause a right slew movement (CRR1); a horizontal 

lever on a participant’s left side was raised to cause a left slew (CRR2); and a vertical lever on a 

participant’s left side was pushed away to cause a left slew (CRR2). Relatively high error rates (median 

error rates of 4-5%) occurred when these relationships were reversed. The lowest direction error rates 

were exhibited by participants assigned to the Right CRR1 Vertical and Left CRR2 Vertical conditions. 

The pattern of reaction times was consistent with these conclusions.

Figure 22: Median (interquartile range) direction errors and mean (95% confidence interval) reaction time as a 

function of control-response condition, lever orientation, and side for slew.

Extension Vertically. A significant main effect of the directional control response relationship was 

evident for directional error when operating the extension lever to lengthen or shorten the virtual 

device vertically (Figure 23). Regardless of the side or lever orientation, the lowest direction error rate 

occurred when a horizontal lever was raised, or a vertical lever was pushed away, to cause extension 

upwards. The pattern of reaction time results was consistent for the horizontal lever orientation, while 

no difference in reaction time was noted for the vertical lever orientation.
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Figure 23: Median (interquartile range) direction errors and mean (95% confidence interval) reaction time as a 

function of control-response condition, lever orientation, and side for extension vertically.
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Extension Horizontally. Similarly, for both left and right horizontal extension, a significant main effect of 

directional control response relationship was found, indicating that fewer directional errors were 
generally made in the CRR1 condition ie., when raising a horizontal lever, or pushing a vertical lever 

away, caused horizontal extension (Figure 24). The pattern of reaction time results was less clear, 

however the CRR1 condition was associated with faster responses for horizontal levers for both left 

and right sides. 

 

Elevation/Depression Straight. A significant interaction between directional control response 

relationship and lever orientation was noted (Figure 25). For horizontal controls, participants assigned 

to the CRR1 condition made significantly fewer errors than those assigned to the CRR2 condition; 

while for vertical controls, the participants in the CRR2 condition made fewer errors. To rotate a 

controlled device vertically backwards towards a operator facing the controls, fewer errors occur if a 

horizontal lever is moved upwards, or a vertical lever is moved towards the operator. The lowest error 

rates occurred in the horizontal lever, CRR1 conditions, and this difference resulted in a significant 

main effect of lever orientation also. However, the directional error rates were still relatively high for the 

vertical levers, and horizontal levers would be preferred. The reaction time results were consistent. 
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Figure 24: Median (interquartile range) direction errors and mean (95% confidence interval) reaction time as a 

function of control-response condition, lever orientation, and side for extension vertically.
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Elevation/Depression Clockwise and Anti-clockwise. When the controlled device was initially oriented 

45 degrees to the left or right, and elevated or depressed clockwise or anti-clockwise, the pattern of 

statistical results was complex (Figure 26). A combination of Three-way interaction (for clockwise 
elevation) and Two-way interactions (orientation x CRR for clockwise elevation and side x CRR for 

anti-clockwise elevation) were observed, as well as a main effect of orientation for elevation anti-

clockwise. 
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Figure 25: Median (interquartile range) direction errors and mean (95% confidence interval) reaction time as a 

function of control-response condition, lever orientation, and side for elevation straight.

Figure 26: Median (interquartile range) direction errors and mean (95% confidence interval) reaction time as a 

function of control-response condition, lever orientation, and side for elevation clockwise and anti-clockwise.
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Inspection of the median values indicates that in both cases, very low direction errors rates were 

exhibited by participants assigned to the horizontal lever and CRR1 condition. Higher direction errors 
rates occurred for participants assigned to the horizontal lever CRR2 condition, indicating that 

regardless of the side on which the lever is located, raising a horizontal lever was compatible with 

clockwise or anti-clockwise elevation. For vertical levers it was evident that  an interaction between 

side and directional control response condition occurred in that fewest errors occurred when the 

direction of movement of the vertical lever was consistent with the direction of the response. For 

example, fewer errors occurred for a vertical lever place to a participant’s right when pushing the lever 

away caused clockwise elevation; whereas for a vertical lever placed to a participant’s left, pulling the 

lever towards to cause a clockwise elevation caused fewer errors. The reaction time results confirm a 

clear advantage for the CRR1 condition for horizontal levers, but are less consistent for the vertical 

levers.

The results of Experiment 4 indicate that directional compatibility effects are not as straightforward as 

standards and guidelines suggest. In most, but not all, situations it is important to ensure that control-

response relationships correspond spatially. 
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Experiment 5

In Experiment 5 (using the physical simulation of a single boom bolter), 48 participants were randomly 

assigned to: (i) shape-coded, length-coded, or non-coded controls; (ii) horizontal or vertical levers; 

and (iii) two different direction compatibility conditions (CRR1 & CRR2). Each participant performed 16 

blocks of 40 lever movements.

A Two-way repeated measures ANOVA on log transformed error data indicated that the effect of 

block was significant (F[5,225]=35.66, p<0.001), however there was no effect of coding 

(F[2,225]=0.01, p=0.988), nor was there any significant interaction between block and coding 

condition (F[10,225]=0.351, p=0.965) (Figure 27).

While slightly fewer errors were made in the shape coded condition during the first three blocks of 

trials, the effect was not significant (F[2,47]=0.12, p=0.883) (Figure 28). The mean percent selection 

errors in the non-coded condition during the first 3 blocks was 7.6% (SD 4.9%) while the 

corresponding mean for the shape coded condition was 6.7% (SD=6.3%) resulting in an Effect Size 

statistic of 0.18. The results provide little evidence for any benefit of shape coding or length coding 

when participants are faced with a constant lever arrangement.
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Figure 27: Median (interquartile range) selection errors 

as a function of coding and block for Experiment 5.
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Effect of Directional Control-Response relationships

The results of Two-Way (Orientation x CRR) Anova for direction error and reaction time are presented 

in Table 5. 

Table 5: Experiment 5 - Two-way ANOVA results for direction error and reaction time.

Direction ErrorsDirection ErrorsDirection ErrorsDirection ErrorsDirection ErrorsDirection Errors Reaction TimeReaction TimeReaction TimeReaction TimeReaction TimeReaction Time

OrientationOrientation CRRCRR InteractionInteraction OrientationOrientation CRRCRR InteractionInteraction

Lever F p F p F p F p F p F p

Colour 1.69 0.096 2.9 0.100 1.62 0.209

Swing 0.07 0.795 0.11 0.746 21.8 <0.001

Drill 6.09 0.018 4.2 0.046 0.00 0.95

Stab 4.02 0.051 2.8 0.102 0.18 0.674

Sump 2.12 0.153 12.98 <0.001 1.69 0.20

All degrees of freedom (1,44). ANOVA calculated from Log transformed error data.

Colour. No significant effects of orientation or directional control response condition were found for the 

colour lever, indicating that the randomisation was effecting in providing equivalent groups of partici-
pants in the four conditions (Figure 29). The median direction error for the colour lever was 2.1%. 

Figure 29: Median (interquartile range) direction errors as a function of control-response condition and lever 

orientation for colour.

Swing. A significant interaction between lever orientation and directional control response relationship 

was found for the Swing lever (Figure 30). When lever orientation was horizontal, fewer directional er-

rors were made by participants assigned to the CRR1 condition in which an upward movement of the 

horizontal lever cause the boom arm to swing towards the participant. When the lever orientation was 
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vertical, fewer directional errors were made by those participants assigned to the CRR2 condition in 

which moving the vertical lever away from the participant caused the boom to swing away from the 
participant. Even in these situations, the median direction errors were greater than 5%, indicating that 

controlling rotation of the boom in the transverse plane (about a vertical axis of rotation) with either 

horizontal or vertical levers is a relatively error prone situation, even if the directional control response 

is optimal.

Figure 30: Median (interquartile range) direction errors as a function of control-response condition and lever 

orientation for swing.

Drill. Significant effects of both directional control response relationship and lever orientation were 

found for the raising and lowering of the boom, and the drill head of the model of the single arm bolter 

(Figure 31). Very few directional errors were made by participants assigned to the horizontal levers and 

CRR1 condition in which raising the horizontal lever caused the boom and and drill head to elevate. 

When the controls were oriented vertically, fewer errors were also made by participants assigned to 
the CRR1 condition. In this case, moving the vertical lever away from the participant cause elevation 

of the boom and drill head; however more errors were made in this situation than in the horizontal 

CRR1 condition.
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Figure 31: Median (interquartile range) direction errors as a function of control-response condition and lever 

orientation for boom (drill head) raise and lower.

Swing (Away-Toward)

Horizontal Vertical
0

5

10

15

20

25

30

CRR1
CRR2

Orientation

Drill (Up-Down)

Horizontal Vertical
0

5

10

15

20

25

30

CRR1
CRR2

Orientation



Stab Jack. Fewer errors were made in the horizontal lever condition when raising the horizontal lever 

caused the stab jack to be raised (Figure 32). When the lever orientation was horizontal, fewer errors 
were made when moving the vertical lever away from the participant caused the stab jack to be 

raised. These differences were not statistically significant however, illustrating variability in the partici-

pants understanding of the function of lowering the stab jack in stabilising the boom in preparation for 

drilling.

Sump. A significant effect of directional control response condition was found, however there was no 

significant effect of lever orientation, nor was the interaction significant (Figure 32). The fewest direc-

tion errors were made by participants assigned to the vertical lever orientation and CRR2. In this situa-
tion, a vertical lever was pushed away from the participant to cause the model boom to move out-

bye. The lever bank was configure in such a way that the direction of these movement coincided. 

When the lever orientation was horizontal, fewer directional errors were observed by those partici-

pants who raised the horizontal lever to cause the model boom to sump out-bye.
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Figure 31: Median (interquartile range) direction errors as a function of control-response condition and lever 

orientation for stab jack raise and lower.

Figure 32: Median (interquartile range) direction errors as a function of control-response condition and lever 

orientation for sump (translation in-bye/out-bye).
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Discussion

“Mirror” vs “Place” control layouts.

Experiments 1 & 2 addressed this issue. There was a short term increase in the rate of selection 

errors, and the reaction time, following the change of side after five blocks of trials in Experiment 1. 

However their was no significant difference between those participants who changed to a mirrored 

lever order, and those for whom the order remained constant from left to right (the “place” condition) 
in error rate or reaction time for the block of trials immediately following the change of side, nor was 

there any interaction between lever arrangement condition and coding condition. 

Similarly, in Experiment 2, in which the side on which the (identical) levers were located alternated 

between each block of trials, there was no significant difference between mirror and place 

arrangements in either selection error rate or reaction time. There was evidence to suggest that a 

“random” correspondence between the lever arrangements was associated with longer reaction times 

during the first half of the experiment, suggesting that both mirror and place arrangements offer some 

advantage over a random arrangement (at least in the absence of shape-coding). 

The only previous evidence able to be located is that provided by Pigg (1954). As noted in earlier, this 

research involved 64 participants learning a four choice reaction time task in which different colours of 
a light were paired with four switches placed in a row facing the participant to the left or right of a 

display containing the light. After 6 blocks of 8 trials, subjects changed hands and repeated the task 

with the switches either presented in the same left-right sequence, or in a mirrored sequence. The 

mean time taken to complete eight correct responses (including the time taken for errors) was longer 

for the first 8 trials following the change of hand for those participants in the left-right condition relative 

to the mirror condition, but this difference was absent in the second and subsequent 8 trial series. 

Fewer errors were also made, however no statistical analysis was undertaken of error rates. 

Expectations reported by the participants also favoured the mirror arrangement 2:1.

In view of the results of Experiments 1 and 2, no recommendation is able to be made at this time 

regarding “mirror” vs “place” lever arrangements on bolting rigs. It may be that operators will cope 
equally well with either arrangement, although consistency is likely to be an advantage. 

Coding

Experiments 1, 3, 4 & 5 collectively addressed shape coding and length coding. Based on the 

ubiquity of recommendations regarding the desirability of shape coding, it was anticipated that shape 

coding would provide substantial advantages in reducing selection error rates over non-shape coded 

situations. On the contrary however, neither shape coding (nor length coding) was found to provide 

significant benefit when the location of the control levers remained constant. It appears that if the 

location of levers remains constant, the coding available in the lever location is sufficient to reduce the 

selection error rate to very low levels, and no significant effect of shape of length coding on the rate of 
learning the lever order were detectable. There was some evidence from the reaction time data in 
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Experiment 4 that the additional information available in the shape coding conditions was being 

processed. 

The only situation in which shape coding was demonstrated to be a benefit in reducing selection error 

rates was when the lever bank changed sides during Experiment 1 (changing the location of the 

levers). In this case there were significantly fewer selection errors made by participants assigned to 

shape coded lever conditions for the block of trials immediately following the change of side. This 

result is important because it confirms that the information provided by shape coding will be utilised 

when location coding information is unreliable, such as when an operator changes side, or from inner 

bolting rig to outer bolting rig, and the side of the levers is altered.

Despite the ubiquity of the shape coding recommendation, a thorough search of previous literature 

has revealed only two previous experiments which report the influence of shape coding on selection 

error rate (Weitz, 1947; Slocum, 1971). Both were conducted with an aviation application in mind, and 
both reported results consistent with those found here in that no significant differences in the rate of 

selection errors were detected between non-coded and shape-coded controls in the absence of any 

change of control location. Interestingly, however, a significant advantage of shape coding was 

described by Weitz (1947) in a situation in which the order of controls was altered mid-way though an 

experimental series. Figure 33 is redrawn from Weitz (1947) and presents the average number of 

selection errors for four groups of 25 participants who performed 16 one minute trials in which four of 

seven controls were manipulated in response to four pairs of stimulus lights. The levers were either 

shape-coded (groups I & II) or identical (groups III & IV), and for two groups (I & III) the lever locations 

were changed after 8 trials; while the lever locations remained constant for the remaining groups (II & 

IV). 
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Figure 33: Average selection errors for four groups of participants manipulating four of seven levers in response 

to pairs of lights. For groups I and III the order of the levers was changed after eight trials, while the order re-

mained constant for groups II and IV. The levers were shape coded as illustrated (labelled “Condition B”) for 

groups I and II, and non-coded for groups III and IV. (Figure redrawn from Weitz, 1947).
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The average error data for groups II and IV demonstrates that there was no advantage of shape 

coding when the location of the levers remained constant. However, consideration of the data from 
groups I & III clearly demonstrates the reduction in error rates achieved by shape coding in the 

situation in which the location of levers is altered.  These data, in conjunction with the data provided 

by Experiment 1 of the current series support a recommendation that shape coding should be 

employed for bolting control levers, but that for a benefit to be realised, the shapes must have a 

consistent relationship to lever function between different bolting equipment, as well as within the 

same piece of equipment. That is, the shapes utilised for the primary bolting functions should be 

standardised across all bolting rigs as stipulated by the 2009 draft of MDG35.

Further, the provision of shape coding controls creates an new risk that selection errors may be 

provoked if the shapes were inadvertently fitted to the incorrect lever during equipment maintenance. 

Consequently, it is recommended that MDG35 include an additional provision that the design of the 
control valves must incorporate a means of ensuring that the shaped handles cannot be inadvertently 

fitted to the incorrect lever. If this were to occur, it would be likely to create a situation in which the 

probability of a selection error was increased, rather than decreased. These recommendations have 

been communicated to the NSW Department of Primary Industries for consideration for inclusion in 

the final version of MDG35.

Directional control-response relationships

Experiments 3, 4 & 5 collectively addressed the consequences of varying directional control-response 

relationships in a range of circumstances, including varied control location (left, right & front) and 

orientation (horizontal and vertical) as well as both virtual and physical simulations.

Large differences were demonstrated in the rate of direction errors (and magnitude of reaction times) 

between different directional control-response relationships. These findings reinforce the importance 

of this aspect of bolting control design. The results indicate that directional compatibility effects are 

not as straightforward as current standards and guidelines suggest however. 

In most, but not all, situations it is important to ensure that control-response relationships correspond 

spatially, and the general recommendation that the direction of movement of a control should be in 

the same direction as the response, is sound. In particular, in contrast to the data provided by Chan et 

al. (1985), consistently fewer directional errors were made when a horizontal lever was moved 

upwards to cause an upwards rotation of a controlled device, regardless of whether the plane of 

movement of the rotated device was coincident with the plane of movement of the control. 

Experiments 3, 4 & 5 collectively addressed the consequences of varying directional control-response 

relationships in a range of circumstances, including varied control location (left, right & front) and 

orientation (horizontal and vertical) as well as both virtual and physical simulations.

Large differences were demonstrated in the rate of direction errors (and magnitude of reaction times) 

between different directional control-response relationships. These findings reinforce the importance 
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of this aspect of bolting control design. The results indicate that directional compatibility effects are 

not as straightforward as current standards and guidelines suggest however. 

In most, but not all, situations, it is important to ensure that control-response relationships correspond 

spatially, and the general recommendation that the direction of movement of a control should be in 

the same direction as the response is sound. In particular, in contrast to the data provided by Chan et 

al. (1985), consistently fewer directional errors were made when a horizontal lever was moved 

upwards to cause an upwards rotation of a controlled device, regardless of the plane of the rotation 

and the location of the controls (ie., regardless of whether the plane of movement of the rotated 

device was coincident with the plane of movement of the control). 

In situations where the movement of the control and the response are in different planes there are 

some control-response relationships which are associated with lower direction error rates than others. 

For example, when controlling elevation and depression with a vertical lever, the results were more 
complex. Where elevation of the controlled device occurred directly back towards the operator 

(elevation straight), fewer directional errors occurred when a vertical lever was pulled back towards the 

operator, regardless of whether the location of the lever was to either side or directly in front. 

Where the elevation occurred clockwise or anti-clockwise, and the vertical controls were located in 

front of the participant, neither directional control-response condition was effective in reducing 

directional error rate. Where the vertical controls were located to the participants’ right or left, the 

directional error rate was lower when the direction of movement of the vertical lever corresponded to 

the rotation of the controlled device ie., pushing a vertical control located to a participant’s right 

caused clockwise rotation and vice versa. However, in many cases the error rates were higher than 

the corresponding horizontal control conditions.

In contrast, the use of horizontal levers to control slew left and right was associated with generally 

high directional error rates, regardless of the directional control-response relationship. The only 

situations in which low directional errors rates were observed for slew control was when the direction 

of movement of the control corresponded to the direction of the response, eg., when pushing a 

vertical lever located on a participant’s right away from the participant caused right slew of the 

controlled device (and vice versa).

A further general observation which is particularly relevant to the design of bolting rigs in use on 

integrated bolter-miners in Australia is that very few directional errors occurred when extension 

(lengthening) of the virtual device was caused by raising a horizontal control. The only exception 

occurred when a horizontal lever located to a participant’s right was used to cause extension 
horizontally to the left. However, the following recommendations for the design of bolting rigs are 

justified: Where horizontal levers are used to control the extension of a timber jack to either the roof or 

rib, an upward movement of a horizontal control should be employed to cause extension. Where 

horizontal levers are used to control drill feed to roof or rib, an upward movement of a horizontal 

control should be employed to cause feed. 

 Burgess-Limerick & Associates

ACARP Project C16013 Final Report - March 2009                                 p. 37



Similarly, when extension was controlled by a vertical lever, fewer directional errors occurred without 

exception when lengthening of the device was caused by a movement of the vertical lever away from 
the operator. Consequently, the following recommendations for the design of bolting rigs are justified:

Where vertical levers are used to control extension of a timber jack to roof or rib,  a movement of the 

vertical lever away from the operator should be employed to cause extension. Where vertical levers 

are used to control drill feed to roof or rib, a movement of the vertical lever away from the operator 

should be employed to cause feed.

These recommendations have been communicated to the NSW Department of Primary Industries for 

consideration for inclusion in the final MDG35.

In general, the lowest error rates for extension occurred when raising a horizontal lever, or pushing 

away a vertical lever, to cause extension was also consistent with the principle of common control 

response direction eg., pushing a vertical lever located to a participant’s left to raise extension to the 
left, or raising a horizontal lever to cause extension vertically. An optimal design of bolting rigs would 

ensure that the maximally compatible relationships between control and response were always 

maintained.

These recommendations apply to the design of new bolting rigs. A variety of directional control-

response relationships are found on bolting rigs currently in use. The consequences of making 

alterations to those existing rigs which do not conform to the above directional control-response 

relationships are unknown. It may be that for operators who are accustomed to operating controls 

which have directional control-response relationships which differ from those recommended here, a 

change may increase the probability of a directional error, at least in the short term, and changes to 

existing equipment may consequently be undesirable. Alternately, it may be that the changes would 
be accommodated without difficulty and that changing existing equipment is desirable. Further 

research is required before recommendations can be made regarding changes to existing bolting 

control configurations.
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Recommendations

No recommendation is able to be made regarding “mirror” vs “place” lever arrangement. 

1. Shape coding should be employed for bolting control levers.

2. The shapes utilised for the primary bolting functions should be standardised across all bolting rigs 

as stipulated by the 2009 draft of MDG35.

3. MDG35 should include an additional provision that the design of the control valves must 
incorporate a means of ensuring that the shaped handles cannot be inadvertently fitted to the 

incorrect lever. 

4. Where horizontal levers are used to control the extension of a timber jack to either the roof or 

rib, an upward movement of a horizontal control should be employed to cause extension.

5. Where horizontal levers are used to control drill feed to roof or rib, an upward movement of a 

horizontal control should be employed to cause feed. 

6. Where vertical levers are used to control extension of a timber jack to roof or rib, a movement of the 

vertical lever away from the operator should be employed to cause extension.

7. Where vertical levers are used to control drill feed to roof or rib, a movement of the vertical lever 

away from the operator should be employed to cause feed.

8. Further research should be undertaken to determine the consequences of changing directional 

control-response relationships for existing equipment. 
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Dissemination Strategy

Past and planned dissemination of the project include the following publications and presentations:

Krupenia, V., Burgess-Limerick, R., & Wallis, G. (2008). Principles for designing control levers. 

Proceedings of the 44th Annual Conference of the Human Factors and Ergonomics Society, Adelaide.

An invited presentation was made at the “Underground Bolting Safety Workshop for NSW Coal 

Mines” organised by the NSW Department of Primary Industries, held at Penrith, February 12, 2009.

Progress reports, and the final recommendations, have been distributed to New South Wales 

Department of Primary Industries MDG35 committee for consideration for inclusion in the final version 

of MDG35 to be published shortly. An indication of the successful dissemination of the results is that 

an extract from the project’s progress report 2 (28/3/08) is included as attachment 4 of a detailed 

accident report prepared by the NSW DPI investigation unit for the Director General of the NSW DPI 

concerning a serious injury at a NSW mine which occurred in 2008.

An abstract has been submitted for consideration by the organising committee of the Queensland 

Mine Safety Conference in Townsville, August 2009.

The final report will be distributed to relevant parties including: New South Wales Department of 

Primary Industries; Queensland Department of Mines and Energy; Members of the Underground 
committee of EMERST; and manufacturers (eg., Sandvik, Joy, and Fletcher). The report report will also 

be made available through MIRMgate and www.burgess-limerick.com.

An article will be submitted to International Longwall News & Australian Longwall Magazine and a 

paper is in preparation for an international ergonomics journal.

The results of the project will be included in the updated “Reducing Injury Risks Associated with 

Underground Coal Mining Equipment” handbook which will be published in 2010 as an outcome of 

ACARP project C18012.

The results will also be included within a book tentatively titled “Human Factors in Mining Equipment 

Design” which in is preparation in collaboration with AProf Tim Horberry (Minerals Industry Safety and 

Health Centre, UQ) for publication by CRC press in 2010. 
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