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Abstract—Snapshot imaging has a number of advantages in
automated gel electrophoresis compared with the finish-line
method in capillary electrophoresis, although at the expense
of resolution. This paper presents a novel signal processing
algorithm enabling a multi-capture imaging modality which
improves resolution. The approach takes multiple snapshots as
macromolecules are electrophoresed. Peaks from latter snapshots
have higher resolution but poor signal-to-noise ratio (SNR), while
peaks from earlier snapshots have lower resolution but better
SNR. Signals at different capture-times are related by a scalein-separation, amplitude scaling, and an arbitrary shift. The
multiple captures are realigned and fused together using leastsquares estimation and a physically inspired signal model. Since
partial waveforms are observed as the chromatic peaks exit the
sensor’s field-of-view, this is accounted for in the realignment
algorithm. The proposed technique yields improved resolution,
improved fragment concentration and size estimates, and allows
the removal of static background noise.
Index Terms—Chromatography, snapshot imaging, finish-line
method, least-squares estimation, signal modelling.

(a) Image of typical electrophoresis trace.

(b) A 1D electrophoresis signal.

I. I NTRODUCTION
Electrophoresis is a fundamental and ubiquitous technique
for separating individual macromolecules in biological samples, such as DNA, RNA, and proteins. It is used in forensics,
molecular biology, genetics, microbiology and biochemistry.
While next generation sequencing (NGS) facilitates the precise
order of nucleotides within a DNA sequence, gel electrophoresis has a number of important applications: in particular, as
an economically viable quality control stage for NGS; for the
analysis of proteins; or genetic fingerprinting, among others.
There are two common detection methods for measuring
the separation of macromolecules in electrophoresis, finishline and snapshot imaging [1]. In the finish-line method,
molecules are detected after electrophoresis for a constant
distance using a single point detector at some fixed point
in space. In snapshot imaging, molecules are electrophoresed
for a constant time, calibrated such that the sample has
expanded to fit the imaging sensor’s entire field of view,
thereby maximising the use of the sensor’s spatial resolution
(see Fig. 1); the entire electrophoresis trace is therefore imaged
after some fixed duration. In both cases, the calibration is
usually performed using a ladder sequence for benchmarking.
Finish-line methods generally have the best resolution as a
result of molecules running to a constant distance [2].
Automated electrophoresis processes are ubiquitous in the
genomics lab. Most commercial devices either use capillary
electrophoresis (CEP) with finish-line measurement, or gel

978-0-9928-6265-7/16/$31.00 ©2016 IEEE

Fig. 1. Snapshot of an electrophoresis trace of a standard DNA ladder.

electrophoresis (GEP) using snapshot imaging. While CEP
methods have excellent resolution, automated CEP technologies tend to be slow, expensive, and have weaknesses compared to snapshot-based GEP methods. For example: commercial CEP products usually run samples sequentially, rather than
in parallel, thus taking more time to analyse multiple samples;
channels reused for several samples are prone to carry-over
or potential contamination between samples; and the use of
a single-detector means a molecule is observed only once,
so high dynamic range techniques cannot be used. Snapshot
GEP does not suffer these restrictions. Therefore, in order to
benefit from the advantages of automated snapshot GEP, it is
desirable to develop techniques that build on snapshot imaging
and provide the resolution of finish-line imaging methods.
This paper develops a signal processing framework for a
multi-capture technique. In the proposed approach, information from multiple images is fused together to provide a single
high-resolution image at a standard electrophoresis (EP) time.
This technique is timely due to improvements in imaging technology, hardware-based processing capability, and advances in
automation processes on commercial products.
The proposed multi-capture or multi-snapshot imaging
(MSI) method provides a number of benefits to the analysis
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Illustrating Separation Resolution

of the macromolecules over single-snapshot imaging (SSI) and
indeed the finish-line method. These include improved resolution, improved estimation of fragment concentration and size,
and removal of static background noise, or observation noise
due to discarded fluorescence. While many algorithms have
looked at a variety of aspects for improving the analysis of
gel electrophoresis [3]–[5], the technique of multi-capture has
neither previously been published, nor previously implemented
in a commercial product.
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A. Separation Resolution Definition
To see how MSI improves resolution, consider the simplest
model for describing the evolution of the concentration field.
This model, used in both the analysis of finish-line and snapshot detection methods, considers the evolution of a unit mass
injected as a delta function at the origin of an electrophoresis
system [1]. The concentration field, c(x, t), resulting from this
injection is, at time t and separation x, the solution to the
averaged convection-diffusion equation for large-times,
∂c
∂2c
∂c
+ Ū
= D̄ 2
(1)
∂t
∂x
∂x
where Ū is the mean velocity vector of the injected molecules,
and D̄ the dispersion coefficient. The solution in this idealised
case is a Gaussian pulse [1]:
#
"
2
1
(x − µt )
(2)
c(x, t) = p
exp −
2σt2
2πσt2
where the mean position µt = Ū t, and σt2 = 2D̄t is the
variance of the peak. It is crucial to note that the position of
the peak increases linearly with time, while the peak’s fullwidth at half maximum√(FWHM) increases
sub-linearly with
p
time, namely Wt = 2 2 ln 2 σt = 4 (ln 2) D̄t varies with
the square root of time. This means the peaks separate more
quickly than they broaden.
The separation resolution between two peaks, i ∈ {1, 2},
2
with means µt,i and variances σt,i
is defined as [1], [6]:
(3)
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An example of snapshot imaging in GEP is shown in
Fig. 1(a). The central image rows are used to create an
1D signal, as in Fig. 1(b), where the x-axis denotes either
uncalibrated molecular weight, base-pair fragment length, or
more generally separation, with smaller particles on the left,
larger ones on the right.
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Fig. 2. Illustration of resolution change as electrophoresis continues. In this
figure, the electrophoresis process moves to the right, in contrast to Fig. 1.

At t = tk , for k = {1, 2}, the two peaks have mean position
µtk ,i = Ūi tk and peak deviation of σtk ,i = 2D̄i tk . Suppose
the waveform at time t = t2 is rescaled in the separation axis
by a factor of ∆12 = tt12 , yielding the bottom graph in Fig. 2.
The mean positions of the rescaled waveform are shifted to:
t1
µ̂t2 ,i = ∆12 µt2 ,i = Ūi t2 = Ūi t1 = µt1 ,i
(4)
t2
meaning the rescaled peak positions match the original peak
positions. Moreover, the rescaled peak widths are:
r
t1 p
t1
σ̂t2 ,i = ∆12 σt2 ,i =
2D̄i t2 =
σt ,i
(5)
t2
t2 1
Therefore, the resolution of the rescaled waveform is:
r
t2
|µ̂t2 ,1 − µ̂t2 ,2 |
=
R̂s,t2 ,
Rs,t1
2 (σ̂t2 ,1 + σ̂t2 ,2 )
t1

(6)

Since t2 > t1 , then the resolution R̂s,t2 > Rs,t1 has improved,
as shown by the narrower peaks in the lower figure of Fig. 2.
These results can easily be extended to the case where an
impulse is injected at time t = t0 at separation x = x0 ,
with the times being replaced by ti − t0 . In practice, due to a
number of effects, the peak shapes are not Gaussian as given
by equation (2), although a number of other shapes such as
Voigt, pseudo-Voigt, and asymmetric variants are frequently
used [5]. Nevertheless, the resolution improvement from this
realignment process applies irrespective of the peak shape.
C. Fusing Realigned Traces

B. Realignment Improves Resolution
In order to obtain an improvement in resolution with snapshot imaging to match the finish-line method, it is necessary
to run the electrophoresis for longer, and then map the new
trace back to the standard EP time. To see this, consider the
concentration field at times t = t1 and t = t2 , as shown in the
upper two graphs in Fig. 2. This figure is representative of two
simple symmetric clean peaks seen in electrophoresis traces.

In Fig. 2, the center graph shows the concentration field
when electrophoresis is continued after the standard electrophoresis time. It is seen that the right-most peak (with
the smalled size) is exiting the field of view and therefore,
when realigned, only partially overlaps the standard EP trace
as shown in the bottom graph of Fig. 2. While the realigned
waveform has improved resolution, there is missing information for separations 1.1 < x ≤ 2. Therefore, to benefit from
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Fig. 4. Linear GEP expansion model. This is a rotated schematic of Fig. 3.
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Fig. 3. Original electrophoresis snapshots; sampling period of 60 seconds.

the improvement in resolution by running electrophoresis for
longer, fusion of the different realigned pulses is required.
A simple approach to fusing the realigned traces is to take,
at a given separation, x, the realigned signal corresponding to
the most recent capture. However, as the EP time increases,
the signal-to-noise ratio (SNR) decreases due to the reduction in peak amplitude. Therefore, it would be preferable
to use all the information available. Moreover, such bruteforce stitching leads to discontinuities in the fused waveform.
Other approaches such as averaging the waveforms leads to
band broadening and loss of resolution. A solution for this
realignment is discussed in section §III-C.
III. P ROPOSED A LGORITHM
The realignment mechanism needed in MSI is equivalent
to estimating the scaling factor and shift, and is a classic
estimation problem. Carlson [7] produced an algorithm for
problems involving Doppler shifts, although it assumed the
entire waveform is present in both measurements. In MSI, the
situation is complicated by the fact the signal leaves the observation window, and therefore matching is required over partial
signals. As a result, direct application of cross-correlation does
not give accurate realignment. This section derives the full
algorithm, starting by developing the appropriate expansion
model used to derive the signal model in section §III-B.
A. Linear Chromatography Expansion Model
If the electrophoresis process is continued past the standard
EP time, the macromolecules continue to separate, as shown
in the example traces in Fig. 3. If the electric field is constant,
and the behaviour of the gel remains invariant, the convectiondiffusion equation (1) indicates a linear expansion model, since
the mean-position of the injected molecules increases linearly
with time, as shown in equation (2) of section §II-A. This
expansion is shown diagrammatically in Fig. 4.

Suppose a sample is injected such that the origin of the GEP
expansion begins at (x0 , t0 ). A macromolecule at any point
(xk , tk ), denoted by c(xk , tk ), will later appear at position
c(xk+1 , tk+1 ) through a simple geometric mapping depending
on the expansion model. In the linear case, from similar
triangles (see Fig. 4), then c(xk , tk ) ∝ c(xk+1 , tk+1 ), and
the position of a molecule at tk and tk+1 are related through:
xk − x0
xk+1 − x0
=
tk+1 − t0
tk − t0
or, equivalently, writing ∆k =

tk+1 −t0
tk −t0

and Σk =

xk+1 = ∆k xk + Σk

(7)
tk+1 −tk
tk −t0 ,

(8)

This means the signal value from the electrophoresis trace at
a given position x at times tk and tk+1 are related by:


x − Σk
c(x, tk+1 ) = αk c
, tk
(9)
∆k
where αk is a scaling coefficient. Note that Σk = (1 − ∆k ) x0 .
Thus, if x0 ≥ 0, and the scaling factor ∆ ≥ 1, then the shift
Σk ≤ 0, while x0 < 0 ⇒ Σk > x0 .
Given the initial injection point, (x0 , t0 ), the scale-inseparation can be evaluated from one frame to the next,
∆k = ∆k (t0 , tk , tk+1 ), as can the amplitude scaling αk , and
the shift Σk = Σk (x0 , t0 , tk , tk+1 ). However, it is not always
possible to accurately determine (x0 , t0 ), and therefore the
position of the injection point is assumed unknown.
Moreover, while (x0 , t0 ) can be estimated from a number of
multiple-snapshots assuming linear expansion, in practice, the
expansion model is nonlinear due to Joule heating, ionization
of the gel, deterioration of the fluorescent dyes, and other
effects. Therefore, the scale-in-separation, amplitude-scaling,
and shift should be estimated on a per-snapshot basis. These
parameters can estimated efficiently using the ubiquitous leastsquares estimate (LSE) approach, as shown in section §III-B.
B. LSE Parameter Estimation
Consider realigning snapshots (frames) at times t = tP
and t = tR , the so-called projected and reference frames;
the former will be realigned to the latter reference frame.
First assume tR > tP , and define fk [n] = c(nδx, tk ) to
indicate a spatially quantised version of the concentration
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field at separations x = nδx for n ∈ {0, . . . , N − 1}, with
δx = N1 xmax , where xmax is the maximum separation.
a) Linear Model: In the simplest model, the reference
signal is modelled as a linear multiple of the scaled-and shifted
projected frame with a modelling error e[n]:
fR [n] = α fP [n; ∆, Σ] + e[n]
(10)
 nδx−Σ 
where fP [n; ∆, Σ] = fP
, as given by (9). In order
∆
to estimate ∆, Σ, and α, it makes intuitive sense to optimise
their values to minimise the average square modelling error.
Define the average error as:1
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N −1
N −1
1 X 2
1 X
2
ET (θ) =
e [n] =
(f [n] − α fP [n; ∆, Σ])
N n=0
N n=0 R
(11)
The objective is to find the set of parameters θ = {∆, Σ, α}
that minimises ET (θ); in other-words:
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(12)

Fig. 5. Realigned electrophoresis traces using LSE and the affine model.

(13)

The optimal gain vector α satisfies:
"N −1
#
N
−1
X
X
T
fS [n; ∆, Σ] fS [n; ∆, Σ] α =
fS [n; ∆, Σ] fR [n]

θ

The gain, α, can be found analytically given ∆ and Σ:
NP
−1

α=

fR [n] fP [n; ∆,
n=0
NP
−1
fP2 [n; ∆, Σ]
n=0

Σ]

n=0

|

The total error in equation (11) can thus be written as:
N −1
2
P
fR [n] fP [n; ∆, Σ]
N
−1
X
fR2 [n] − n=0N −1
T (θ) =
(14)
P 2
n=0
fP [n; ∆, Σ]
n=0

where T (θ) = N ET (θ). The total error in (14) can be
minimised with respect to {∆, Σ}: a nonlinear LSE problem.
b) Affine Model: The model in (10) doesn’t model the
baseline present throughout the entire electrophoresis process,
but can be modified to include the baseline as follows:
fR [n] = α0 fP [n; ∆, Σ] +

Q
X

αq gq [n] + e[n]

(15)

q=1

where {αq }Q
1 are unknown coefficients, and gq [n] are Q
known basis functions representing the general shape of the
T
baseline. Define the gains by α = α0 , α1 , · · · , αQ , and
the augmented projected signal:

T
fS [n; ∆, Σ] = fP [n; ∆, Σ] g1 [n] · · · gQ [n]
(16)
such that fR [n] = αT fS [n; ∆, Σ] + e[n]. Defining:
ET (θ) =

N −1
2
1 X
fR [n] − αT fS [n; ∆, Σ]
N n=0

(17)

then as in equation (12), the objective is to find the set of
parameters θ = {α, ∆, Σ} that minimises ET (θ).
1 Since t > t , then ∆ ≥ 1 and the domain of f [n] covers the domain
R
P
R
of fP [n], and hence the summation over the N discrete-separation values.

n=0

{z

R[∆, Σ]

}

|

{z

r[∆, Σ]

}
(18)

and the total error in equation (17) is:
T (θ) =

N
−1
X

fR2 [n] − rT [∆, Σ] R−1 [∆, Σ] r [∆, Σ] (19)

n=0

where T (θ) = N ET (θ). As in equation (14), the total
error in (19) can be minimised with respect to {∆, Σ} using
gradient descent, or a grid search.
C. Fusing Realigned Traces
The realigned traces must be fused. A principled approach
for this fusion is to consider how the electrophoresis trace is
predicted to change over time using the averaged convectiondiffusion equation (1). After realignment, the concentration
field is given by (2) with µt and σt2 replaced by (4) and
(5). This model, however, doesn’t take into account loss of
fluorescent dye, nor the asymmetric peak shapes that result in
practice. Instead, a fusion method found to give good results
is one which models the local concentration fields across the
most recent captures as a Gaussian with an offset:
"
#
2
Ax,1
(x − µx )
ˆ
C(x, t) = Ax,0 + p
exp −
(20)
2σx2
2πσx2
The parameters {Ax,0 , Ax,1 , µx , σx2 } are estimated at each
ˆ t) to the
separation x by fitting, in a least squares sense, C(x,
observed measurements across a window of separation values
{x − Nw , · · · , x − 1, x, x + 1, · · · , x + Nw } and across the
most recent NT snapshots, subject to boundary conditions.
The concentration is then evaluated using equation (20) and
the estimated parameters at the actual separation x.
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Fig. 6. Alignment of two frames, and the negative error surface of equation (19) as a function of shift and scale. Here, the negative error-surface is called
the scalogram. A peak in the scalogram indicates the best fit realignment parameters.
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This paper presents a novel multi-capture snapshot imaging
technique for GEP using estimation theory to realign and fuse
multiple waveforms. The fused waveform demonstrates both
improvements in resolution and sensitivity due to increased
SNR. A further advantage of this technique is that static noise
will be diminished in the fusion. Improvement in resolution
can be quantified by deconvolving the electrophoresis traces,
so that individual peak separation and widths are known, followed by using (3). This quantification is reported elsewhere.
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Fig. 7. Comparison of the reference electrophoresis trace and the fused
realigned traces using the method in section §III-C.

IV. R ESULTS
To demonstrate the realignment process, a typical DNA
sample is analysed. In this experimental setup, snapshots
where taken at multiples of 30 seconds for 750 seconds. The
standard EP time is 180 seconds, corresponding to the fifth
frame. The resulting multiple snapshots are shown in Fig. 3. In
the affine model described in section §III-A, Q = 2 indicating
that a linear baseline model (α1 + α n). The scaling ∆, shift
Σ, gain α0 , and baseline coefficients {αq }Q
1 are estimated by
minimising (19) with respect to the fifth frame, as described
in section §III-B. An example of the resulting error surface
from equation (19) as a function of shift and scale is shown in
Fig. 6 when the 14th frame is realigned to the fifth frame. The
realignment of all the frames is shown in Fig. 5. Fig. 7 shows
the fused trace, as compared with the standard electrophoresis
trace. The realigned-and-fused trace shows improved SNR and
improved resolution, as indicated by the sharper peaks.
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