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Abstract 

This paper describes the construction and validation of an affordable and accurate 
two degree-of-freedom rotational mount for making head-related impulse response 
(HRIR) and binaural room impulse response (BRIR) measurements using a dummy 
head microphone. We review the design requirements for a rotational mount in the 
context of measurements for binaural rendering, with reference to perceptual factors. 
In order to achieve a low-cost solution, we evaluate the suitability of a motorised 
telescope mount. Issues considered during design of the system are discussed. The 
use of affordable electronics to convert the mount into a general-purpose computer-
controlled rotational platform is presented, as well as objective measurements to 
validate performance. Finally, the limitations of this system are discussed, and further 
use cases proposed. 
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1 Introduction 

Immersive headphone audio systems often require measurement of many HRIRs or BRIRs, especially for 
dynamic systems using head tracking, where impulse responses are required to be measured at many 
different head orientations. When measurements are made using a dummy-head microphone, a 
computer-controllable rotational mount can be used to make these measurements efficient. Several 
such systems have previously been presented [1] [2]. This paper explains how, with a few modifications, 
a motorised telescope mount can be repurposed as an affordable platform for capturing HRIRs and 
BRIRs. 

2 Design Requirements 

2.1 Control Interface 

The system should be fully controllable from a computer, ideally with a simple protocol, which would be 
easy to implement in a number of programming languages. This would allow the system to be set up 
and left running unattended, with minimal human intervention, as well as allowing integration with a 
range of existing software systems. The connection interface should also be commonly supported on 
modern computers, allowing flexibility. 

2.2 Axes of Rotation 

The system should, at a minimum, be capable of (azimuthal) rotation in the horizontal plane. This is the 
most commonly used rotation axis in natural listening conditions [1]. The ability to control the elevation 
angle of the platform is also desirable, since head tilt and roll are also used during sound localisation 
and natural listening tasks, although to a lesser extent. Azimuthal rotation has been shown to be by far 
the most important in binaural rendering systems [4]. The axes of rotation of the dummy head on the 
mount should be the same as for natural human head motion. It is critical that azimuthal rotation be 
around the vertical line passing through the centroid of the inter-aural axis. Changes in elevation should 
rotate the dummy head about the inter-aural axis. 

2.3 Accuracy and Precision 

There are a number of different perceptual measures that relate to the required accuracy of such a 
system. The localisation blur (average sound source localisation error), minimum audible angle 
(minimum detectable displacement of a sound source), and the just noticeable discretisation of a 
binaural impulse response set in a dynamic binaural rendering system. A localisation blur of 3.6˚ has 
been observed at frontal directions [5], a minimum audible angle as low as 1˚ has been observed in 
certain conditions [6], and a BRIR discretisation of 2˚ has been detected [7]. A measurement system 
should have a precision of an order of magnitude less than these criteria, i.e. 0.1˚, to ensure that reliable 
data can be obtained. 



2 

2.4 Load Capacity and Noise 

The weight of the available dummy head microphone (Neumann KU100) is 3.5kg. A measurement 
system should be capable of moving this weight in both axes. 

When the system is not rotating, it should make no noise, so as not to interfere with the measurements. 
Since the dummy head must be static during measurements, the system noise whilst moving is not of 
concern. 

3 Implementation 

3.1 Motorised Telescope Mounts 

Motorised telescope mounts are designed to assist astronomers by automatically controlling the 
orientation of a telescope. An “alt-azimuth”-style motorised telescope mount consists of a mount that 
can be rotated in two degrees-of-freedom (azimuth and elevation). Rotation about each axis is 
controlled using a set of gears connected to an electric motor, with a feedback mechanism, such as a 
rotary encoder, attached to the spindle of the motor. 

The motor is controlled with a closed-loop negative feedback system, using the rotary encoder and 
some control electronics to create a servomechanism, which allows accurate and precise positioning of 
the platform. A fast response time is required of the control electronics because the state of the rotary 
encoder is likely to change quickly as the mount moves, due to the high positioning resolution. 
Assuming that the control system uses a CPU, this typically requires hardware-based interrupts. The 
control system also typically provides further functionality in the form of star tracking, system 
calibration and usually a control interface for communicating with the mount from a computer. 

3.2 Mechanical Construction 

An adaptor plate was produced to allow the adjustment of the position of the dummy head, to achieve 
correct rotation around its vertical axis. Due to mechanical limitations it was not possible to mount the 
head, so it rotated around its inter-aural axis, meaning the system is only valid for azimuthal rotation. 

3.3 Control Electronics 

After evaluating the built-in control system, we discovered a number of issues. Firstly, the serial 
interface used an out-dated serial connector interface. Secondly it was required that the mount be 
calibrated using a multi-step procedure, specific to astronomy applications, each time it was powered 
on. The serial control protocol was also targeted specifically at astronomy applications and not general 
positioning about two axes. Due to these usability limitations it was decided to replace the control 
electronics with a system more appropriate for dummy head measurements. 

The control system is based on the open hardware Arduino Mega2560 micro-controller platform, with 
the revision 3 motor controller shield. This allows robust control of two motors and the required 
number of hardware interrupts to use with the rotary encoders. The following sections describe the 
issues that were dealt with during construction of this system. 
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Figure 1 – Control electronics 

3.3.1 Motor Control and Noise 

When using a motor and encoder in combination to accurately position an object, it is common to use a 
proportional-integral-derivative (PID) controller. This process is fairly computationally intensive for a 
small micro-controller, so instead a low-resource control system has been implemented. 

This solution works by driving the motor until it is within a certain number of encoder steps of the 
desired position, whereby it measures the difference between the current position and desired position 
and moves the motor towards the target at a speed proportional to the difference. Once the difference 
has been at zero for a set number of measurement cycles, or a timeout has exceeded, the mount is 
considered to be in a steady state and all power to the motors is removed. The timeout is included to 
avoid the case where the mount position oscillates around the target, preventing a steady state 
condition from being reached. In practice we found that the timeout is rarely exceeded, if it is, an error is 
raised in the debugging information sent via the serial port. 

The azimuth resolution of the mount is 1164300 steps and the elevation resolution is 1011500 steps, 
for a full revolution. After a timeout the encoder counter error is typically 1-5 steps, which describes an 
angular offset of 0.0018˚ at worst. Note that this is not the same as the total system error, however this 
is well below the directional resolution of human hearing. 

3.3.2 Backlash Compensation 

Backlash is lost motion after a change of rotational direction, caused by gaps between gears. Figure 2 
shows the meshing of two gears before and after a change in direction, note the highlighted gap. Once 
the direction of rotation is changed the highlighted gap must be taken in before the driven gear starts to 
rotate again. This can lead to errors in the reported position, as the rotary encoder, attached to the rear 
of the motor, is moved whilst the turntable itself is not. 

One technique to compensate for this effect is to ensure that once a motion is complete, the gears’ 
teeth consistently rest on the same faces. To achieve this, motion must always finish after rotating in the 
same direction, meaning that either the mount must rotate only in one direction or that when rotating in 
the opposite direction an overshoot must occur, followed by a reverse movement to the correct 
position. 

 
   (a) Clockwise  (b) Anti-clockwise 

Figure 2 – Backlash in gears 
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Table 1 – Control interface commands 

 

3.3.3 Control Interface 

A simple control command structure was developed along with a Python library for interfacing with the 
mount. The full set of commands is given in Table 1.  

 
Commands are sent over the control interface as ASCII character strings, terminated by a new-line 
character. The telescope mount responds to the commands with a message beginning with the string 
'ok' once the movement has been completed (other debugging information is also sent but never with an 
'ok' message on the line). 

The interface appears as a standard serial port by virtue of the USB serial emulation implemented on 
the micro-controller board. Most modern programming languages support communication through a 
serial port, so it is feasible to create a library for controlling the mount for other languages. 

3.3.4 Encoder Interrupt Handling 

The rotary encoders on the mount report changes in position using quadrature encoding on two parallel 
wires. This only allows relative movements. All state transitions on the two wires must be detected by 
the micro-controller; otherwise the position can be incorrectly reported. 

To avoid missing state changes, one option is very quick polling of the state by the micro-controller, but 
this becomes impracticable when the system must perform other tasks, such as sending serial messages, 
which may take longer than the needed poll period. The better option is to use hardware interrupts, pins 
on the micro-controller that can automatically stop the main thread of execution and call code for 
handling the state changes. This technique requires that the frequency of interrupts is low enough that 
the main thread of execution can be returned to before another interrupt occurs. The motor speed is 
limited to ensure that this is the case. 

 
Figure 3 – Dummy head on the rotational mount 
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4 Validation 

To assess the accuracy of the system, a laser pointer was attached to the dummy head, whilst mounted 
on the platform. It pointed at a wall at a distance of 5.28m. The mount was rotated in azimuth from 0˚ 
to 360˚ and back five times; the laser mark on the wall was a maximum of 1mm from its original position 
(to the nearest mm). Ten different series of sequential and random movements were made in both 
azimuth and elevation, before returning to the original position. No deviation greater than 1mm was 
observed, which is equivalent to an angular error of 0.011˚. 

The system can safely support the weight of the dummy head. No audible noise is made by the system 
when it is not rotating. The system has been used successfully to measure a BRIR data set for use in a 
binaural rendering system. Since the system is currently only capable of relative movements, it was first 
manually aligned to the frontal direction, using laser pointers and inter-aural time-of-arrival differences. 

5 Conclusion 

A highly accurate computer-controllable rotational mount for a dummy head microphone has been 
constructed. It is suitable for use in automated azimuthal rotation of a dummy head microphone during 
HRIR or BRIR measurements. Further work is needed to allow automatic alignment of the system and 
rotation about the inter-aural axis. 
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