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ABSTRACT
The proposed automatic target mixing algorithm determines
the gains and the equalization settings for the mixing of
a multi-track recording using a least-squares optimization.
These parameters are estimated using a single channel target
mix, that is a signal which contains the same audio tracks
as the multi-track recording, but that has been previously
mixed using some unknown settings.
Several tests have been done in order to evaluate the performances of two different approaches to the optimization,
namely the sub-band estimator and the FIR filters estimator.
The results show that, using the latter technique, the proposed algorithm is able to retrieve the parameters originally
applied to the target mix.
This achievement can be useful for remastering applications,
where both the original recording sessions and the final mix
are available, but there is the need to retrieve the mixing
parameters originally applied to the various audio tracks.

the multi-track recording. Thus, the value of the estimated
parameters should depend only on the mixing process and
not on the audio content of the tracks.
The main application of the proposed technique is remastering [1]. Figure 1 shows a common situation where an
old analog multi-track session is remastered in a new digital
format, applying modern techniques in order to improve the
quality of the recording.
Firstly, the single tracks are converted to the digital domain
through the ADC, then processing is applied on the signals
in order to eliminate noise and other typical artifacts present
in old media formats. At this point, the single tracks have to
be mixed but, in most cases, the original mixing parameters
are not available. Using our proposed automatic target mixing (ATM), it is possible to retrieve these parameters from
the final mix of the analog multi-track recording. Optionally, the mixing process can include an up-mixing stage,
which can be used to create multichannel versions of the
recording.

1. INTRODUCTION

Up-Mixing
Parameters

Automatic mixing is an emerging research field whose objective is to provide new tools for sound engineers in order
to partially or completely automate the mixing process for
both live and studio productions.
In particular, the goal of automatic target mixing is to derive the parameters in the mixing of a multi-track recording
based on a target mix. The target can be, in theory, any audio signal which the user can choose as a reference because
of some particular qualities like a certain equalization curve
for a given instrument or a certain balance between the amplitude of the various tracks.
Although the algorithms shown in this paper can be applied
to any kind of target, their evaluation in the context of a target mix and a multi-track recording which contain different
source signals is not a trivial problem and is left for further
research. In this work, we focus on the case where the target
mix was obtained applying a set of unknown parameters to
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Figure 1: Application of automatic target mixing: remastering of an analog recording.

In addition to remastering, our algorithm can be useful since
some artists have recently released multi-track recordings
along with the final mix of some of their works [2], giving
the listeners the opportunity to create their own mixes. From
this prospective, the automatic target mixing can be a valid
teaching instrument that shows how famous and skilled sound
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2. SOLVING THE OPTIMIZATION PROBLEM.
A GEOMETRIC APPROACH

engineers have mixed a certain song.
Some commercial products exist that suggest mixing parameters according to a target [3], [4]. They are based on a
comparison between single tracks or whole mixes, and thus
they do not define specific parameters for each one of the
recordings in a multi-track session. Other previous work
in automatic mixing based on a target has been done by
Reed [5], who designed a system which suggests equalization settings depending on a users’ goal (for instance make
the sound "brighter", or make the frequency content more
"smooth") and uses an inductive nearest neighbour machine
learning algorithm.

Mix

Feature
Retrieval

Distance

F (α1 x1 + α2 x2 ) = α1 F (x1 ) + α2 F (x2 ) ∀α ∈ R (1)
Then the optimization task can be solved analytically using
least squares.
Let t = F (target mix) be the feature extracted from the
target mix and vi = F (xi ) the feature extracted from the
i-th track of the multi-track recording.
t can be represented as a vector in an M-dimensional space
(where M is the size of the feature), as is shown in figure 3.
We can define λ as the sub-space generated by any linear
combination of the vectors vi with positive coefficients. The
dimensionality of λ is equal to the number of tracks N and,
in general, we have N << M . The mix which minimizes
the distance from the target is the projection of t on the subspace λ.

Parameters
Multi-Track
Recording

Assume that the parameters of the mix that we want to estimate are the gains applied to each track xi and that we are
comparing a linear feature extracted from mix and target,
that is a feature F such that
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Figure 2: Automatic Target Mixing Framework

t
Kolasinski [6] proposed an automatic target mixing technique which has inspired our research and whose general
framework is depicted in figure 2.
As can be seen, the multi-track recording is mixed using a
certain set of parameters, then a feature or a set of features
is extracted from the resulting mix and from the target mix.
The distance between those features is computed and is input to an optimization algorithm. This estimates the set of
parameters which minimize the distance from the target, so
that this particular set can be used to build the estimated
mix.
The algorithm designed by Kolasinski [6] aims to find the
gains to apply to each track which minimize the euclidean
distance between the spectrum histograms [7] of estimated
and target mix. In his work, the optimization task is performed by a genetic algorithm [8]. This is a search technique that has been proved to be effective in locating the
global minimum of large and uneven parameters’ spaces.
However, for the purpose of this application, the results are
quite poor as the number of tracks increases and the algorithm is computationally expensive. Moreover, an iterative
optimization like the genetic algorithm can only converge to
an approximate solution of the problem.
In the next section a geometric approach is described in order to analytically solve the optimization problem.
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Figure 3: Geometric Representation of Target Mix and
Multi-track Recording
We can write the projection vector v as a linear combination
of the tracks vectors vi with the gains α̂ that we want to
retrieve.
N
−1
X
v=
α̂i vi
i=0

A is defined as the matrix whose columns are the vectors vi
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and v is then written as
v = Aα̂
The vector t − v is orthogonal to each of the vectors vi .
Therefore the inner products between vi and t − v must be
zero for each i. This leads to the following equation:
AT (t − v) = 0

There exist various techniques for matching a target transfer function to a filter’s impulse responses [10],[11]. For
instance, the method described by Lee [12] is based on a
least squares optimization and is similar to the one proposed in this section. These techniques are often applied
to loudspeaker and microphone equalization. Yet, to the
authors’ knowledge, filter optimization techniques have not
been adapted to the target mixing problem, where a different transfer function is applied to each track.

Substituting, we obtain
AT t − AT Aα̂ = 0
which implies
α̂ = (AT A)−1 AT t

(2)

Equation 2 is known as the least squares method [9]. The
only condition for the matrix AT A to be invertible is that
the vectors vi must be linearly independent, which is an assumption we can make in general.
As already mentioned, the least square optimization of a
multi-track recording can be performed using any feature
extracted from the audio signals as long as it respect equation 1. Unfortunately many features (for instance, those
based, on the power spectrum or on psycho-acoustical models) are not linear and therefore cannot be used in this framework. However, for the purpose of our problem, we will
only consider the signals in the time domain and their Fourier
transform as the feature vectors.
In particular, choosing the latter, we can extend the leastsquares approach to the equalization problem applying different gains to different frequency bands of the tracks. This
results in increasing the dimension of the sub-space λ, choosing sets of orthogonal vectors wi,j ⊥ wi,k such that
P
X

wi,j = vi

j=1

where P is the number of frequency bands.
This algorithm is estimating the equalization curve applied
to the various tracks in the target mix using a piecewise constant function for each track, and will be referred as the subband estimator. As P increases, the estimation is more accurate and, in theory, able to approximate any transfer function at the expense of a higher computational cost.

3. TARGET EQUALIZATION
As described in the previous section, the equalization parameters can be retrieved using the sub-band estimator. However, this method does not reflect the way equalization is
usually performed, using combinations of FIR or IIR filters.

The FIR filters estimation technique described in this section finds the coefficients of filters which, when applied to
the tracks of the multi-track recording, minimize the Euclidean distance between the target mix and estimated mix.

3.1. Linear Predictive Model
Since the proposed technique is inspired by linear prediction, the basic theory of this model is presented, and then
extended to the target equalization problem.
Let v be an audio signal, then its value v(n) at time n can be
estimated as a linear combination of its S previous samples:
ṽ(n) =

S−1
X

αj v(n − j)

j=0

The goal of the linear predictive model is to find the coefficients α̂j that minimize the squared euclidean distance
between signal and predicted signal. We can define this
squared distance as a function of α
J(α) = ||ṽ − v||2
and compute the coefficients α̂ setting the gradient ∇J(α)
to zero.
This results in solving the following system of linear equations:
S−1
X
Rl =
α̂j Rj−l
(3)
j=0

where Rl is the autocorrelation of the signal v and Rj−l the
j-shifted autocorrelation.
The coefficients α̂ define an FIR filter which is applied to
the signal v, therefore we can use the same approach and
define a new squared distance function in order to solve the
target equalization problem.

3.2. FIR Coefficients Estimation
Let t be the target mix, M the length of the target, N the
number of tracks in the multi-track recording and P the or-
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der of the filter we want to estimate. Then we can define the
following squared distance function:
J(α) = ||t −

N
−1
X

vi ∗ αi ||2

i=0
MX
+P −1 h

N
−1 P
−1
X
X

t(n) −

=

n=0

i2
αij vi (n − j)

i=0 j=0

The partial derivative is computed as:
∂J(α)
=2
∂αkl

MX
+P −1 h

t(n)−

n=0

N
−1 P
−1
X
X

i
αij vi (n−j) vk (n−l)

i=0 j=0

and then the gradient ∇J(α) is set to zero. This corresponds
to solving the following system of linear equations:
t(n)vk (n − l) =

(4)

n=0
−1
N
−1 P
X
X

α̂ij

MX
+P −1

vi (n − j)vk (n − l)

n=0

i=0 j=0

The first sum on the left side of equation 4 is the correlation Cl (t, vk ) between the target t and the k-th track vk ,
while the sum over n on the right side is the shifted correlation Cj−l (vi , vk ) between the i-th track and the k-th track.
Equation 4 can be written as:
Cl (t, vk ) =

−1
N
−1 P
X
X

α̂ij Cj−l (vi , vk )

(5)

i=0 j=0

∀ k = 0, . . . , N − 1

l = 0, . . . , P − 1

The correlation Cl (v, w) between two vectors v and w is
the inner product between v and the l-shifted version of the
vector w. Thus, we can build a matrix A whose columns
contain the tracks v along with the l-shifted tracks:
B6
B6
A = B6
@4

v1

The only parameter we have to chose is P . As with the subband estimator, the number of parameters determines the
accuracy of the algorithm, but also its computational cost.
The next section describes some experiments that have been
performed in order to compare the two methods.

4. ESTIMATORS EVALUATION

MX
+P −1

02

A is equal to the one defined in the section 2. Therefore,
the FIR estimation can be viewed as a generalization of the
geometric approach described to retrieve the gain settings.
This least squares estimation minimizes the norm of the error function J(α) in the time domain. But, since the Fourier
transform doesn’t affect the norm of a function, up to a factor 1/2π, then this means that the distance in the Fourier
domain between target and estimated mix will also be minimized.
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and write equation 5 in matrix form:
(AT A)α̂ = AT t
which can be solved again with the least square method:
T

α̂ = (A A)

−1

T

A t

It is interesting to consider a particular case of the equation
5. If we set the order of the filter P to one, then we are simply applying different gains to each track, and the matrix

In general we know neither the number nor the type of filters applied to the multi-track recording and, therefore, the
estimation of equalization parameters must be robust to different choices of filters. For this reason we have designed
some experiments in order to compare the performances of
the sub-band and FIR estimators.
The algorithms were tested on a 6-tracks recording that contains different instruments on each channel. The audio files
are sampled at 16 bits/44100 Hz, and their duration is approximately 30 seconds.
As a preliminary result, we estimated parameters for the
equalization of a single track then we applied our algorithm
on the whole multi-track recording in order to retrieve different parameters for each channel.
Firstly we designed a 256-order FIR multiband filter, whose
impulse response is depicted in figure 5 and whose frequency
response is shown in figure 6. This filter can be viewed as a
graphic equalizer with extreme settings where the frequency
bands 0-0.2KHz, 1.5-3KHz and 15-22KHz have unitary gain
and the other bands are fully attenuated.
The convolution of one instrument of our multi-track recording with this filter was the target mix. Then, we applied iteratively both the sub-band estimator and the FIR estimator,
increasing progressively the number of estimation parameters. For each iteration, we computed the euclidean distance
between target and estimated mix.
Figure 4 shows the distance as the number of parameters approaches the order of the filter. As can be seen, the sub-band
estimation does not improve much as the number of parameters increases, while the distance function decreases to zero
using the FIR estimator. The experimental results suggest
that there must be a correspondence between the distance
function and the energy present in the target’s impulse re-
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Figure 4: Distance from target for a high order FIR multiband filter
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Figure 5: Impulse response of a high order FIR multiband
filter

sponse. In fact, most of the energy of the impulse response
depicted in figure 5 is present at less than 3 ms (corresponding to 130 samples) and we can see that, when the number
of parameters of the FIR estimator reaches a value around
130, the distance drops to a very small value.
This behaviour has been confirmed using other target impulse responses. It implies that, as long as the target filter has an impulse response whose energy decays quickly
enough, then the FIR estimator will produce a good approximation of it with a finite number of coefficients.
Figures 7 and 9 show the impulse and frequency response
of an 8th order IIR low-pass filter used to test the estimators. The cutoff frequency is 1KHz and the design is based
on a Butterworth analog prototype. The distance between
the target and estimated signal as a function of the number
of parameters is shown in figure 8.
Again we can see that the sub-band estimator doesn’t produce good results, while using the FIR estimator the distance from target decreases towards zero as the number of

Figure 6: Frequency response of a high order FIR multiband
filter

parameters increases.
In this case, the FIR estimator can’t reproduce the exact
target impulse response because we would need an infinite
number of parameters. However, since the energy of the target impulse response decays quickly to zero, we can achieve
a good approximation even with a small number of coefficients.
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Figure 7: Impulse response of an 8th order IIR lowpass filter
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Figure 8: Distance from target for an 8th order IIR lowpass filter
Frequency Response

The FIR estimator works completely in the time domain,
while the sub-band method requires the computation of the
Fourier transforms of each channel of the multi-track recording. Therefore the computational time required by the FIR
technique is always smaller.
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Figure 9: Frequency response of an 8th order IIR lowpass
filter

Figure 10 shows the computational time required for the estimation of parameters for a 1024-samples audio signal. The
length of the test signal for this experiment has been chosen
to be one of the typical values used in a frame-by-frame implementation.
Computational Time
Time (seconds)

0.2
0.15

FIR estimation
Sub−band estimation

0.1

In order to demonstrate the effectiveness of the FIR estimator with a multi-track recording, six different 128-order FIR
filters have been applied to six different channels, and then
the channels were mixed to produce the target mix.
The filters have a "free-hand" impulse response which is the
result of choosing random gains for 8 particular frequencies
and designing a 128-order FIR filter whose response is an
interpolation between these points.
Figure 11 shows the response of one of the filters. The frequencies specified by the dashed lines have a fixed gain level
between +12dB and −12dB.
The FIR estimator is able to retrieve different filter coefficients for each track, and figure 12 shows the results in
terms of the distance between target and estimated mix.
Although the distance doesn’t drop exactly to zero as the
number of parameters reaches the order of the target filter,
the error becomes very small and the estimated mix can be
considered to be almost equal to the target. This error may
be due to the great number of operations involved in the estimation, and may be reduced by performing the algorithm
on a frame-by-frame basis.
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5. CONCLUSIONS AND FURTHER RESEARCH

300

Figure 10: Computational time required for parameters’ estimation

A new method for automatic retrieving of mixing parameters has been proposed which improves the precision, the
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Figure 12: Distance from target for a 6-track recording, equalized with one different free-hand FIR filter for each track
Frequency Response

rameters applied are different from those used to construct
it.

6
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Our current research is focused on the extension of the ATM
algorithm to the estimation of dynamic processor parameters in a multi-track mix. For this purpose we are applying the algorithm on a frame-by-frame basis, assuming that
the parameters are constant within a small analysis window. This frame based implementation may also be used
to retrieve time varying gains and equalization parameters.
However preliminary results indicate that this extension is
not straightforward.
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Figure 11: Frequency response of a 128th order Free-hand
FIR filter

robustness and the computational cost of previous work [6]
and takes into account equalization parameters.
As discussed in section 1, a possible direction for further research aims at solving the general problem when target and
multi-track recording contain different audio tracks which
would result in the automation of the mixing of novel recordings. In this case our system is not directly applicable because the estimated parameters would depend not only on
the actual mixing parameters, but also on the content of target and multi-track recordings.
Having said that, it is possible to perform an optimization
of parameters defining different objective functions, which
may take into account perceptual similarity between target
and estimated mix. In this case the system will build a mix
which is percieved as similar to the target, even if the pa-
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