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data. We compare machine learning methods for accuracy and required number of train-
ing sample traces. © 2020 The Author(s)
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1. Introduction
Continuing on the rapid growth of cloud services, the next generation of cloud applications such as industrial con-
trol over ultra-reliable 5G networks will require strict bounds on wireless-wireline network performance metrics
such as packet loss, particularly with fiber deployed in more disruption-prone metro environments. We investigate
methods to monitor the underlying optical transport network to enable proactive action to avoid packet loss from
fiber breaks that are preceded by state of polarization (SOP) transient events. Previous work examined low-cost
embedded polarization sensors at optical amplifier sites [1] that localize fiber disturbances to a span. Alternatively,
utilizing the SOP recovered from the digital signal processing logic of dual-polarization coherent receivers allows
for fiber path monitoring without additional hardware. In recent work, SOP transients measured by a coherent
receiver and created by robotic arm movements of a fiber were detected and analyzed by machine-learning (ML)
naive Bayes event classification [2, 3]. While fiber breaks are a major source of network outages, they are also
relatively rare and anomalous events, motivating the need to determine the most accurate methods of event clas-
sification training on realistic SOP data in an efficient manner, i.e., requiring the fewest number of event training
samples. In this work we initially benchmark different ML methods on the SOP transient dataset from Ref. [2, 3]
to compare the relative performance of the methods. To get more realistic training data, we add additional events
to the dataset based on the SOP monitoring of a field-deployed fiber network in Manhattan, COSMOS [4]. Due to
the rarity of the events observed in the field, we augment the dataset with polarization-rotated versions. We expect
similar data augmentation techniques to be broadly applicable to efforts in the optical communications industry to
find sources of data for ML models gathered from operational networks [5]. Finally, we report the accuracy and
efficiency of the ML classification methods on the enlarged dataset to compare their performance.
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Fig. 1. a) Detection of robot arm movements of a fiber with coherent a receiver b) SOP field measure-
ments on the COSMOS network (c) Data augmentation of field-based measurements.

2. Data Collection and Processing
In this work, we use three different experimental setups (Fig. 1) to collect two datasets of SOP traces for ML event
classification. The first “benchmark dataset”, used to benchmark ML model performances, contains the SOP traces
resulting from mechanical manipulations using a robot arm [2], as shown in the experiment diagram of Fig.1a.
The robot arm simulates four types of events, each generating multivariate time series of Stokes parameters S1, S2,
and S3. The benchmark dataset has a total of 10,000 SOP traces of four classes/labels (an average of 2,500 traces
per class), with all traces polarization rotated to achieve polarization-independent event classification.

To evaluate the performance of ML methods in classifying realistic SOP traces and more event types (labels),
we construct a second “enhanced dataset”, which includes a new collection of SOP traces for four types of events
generated by a robot arm, labeled as “Mvt1/Label1” to “Mvt4/Label4” in Fig. 2a-d. Significantly, we include in this
dataset SOP traces based on data collected from monitoring a field-deployed fiber link of the COSMOS network
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Fig. 2. Eight types of SOP events in the enhanced dataset. (a)-(d) are traces generated by robot arm
movements, (e)-(f) are traces related to the COSMOS field link, and (g)-(h) are additional traces

.[4], which is 22 km round trip from Columbia University to 32 Avenue of the Americas (AoA) in Manhattan,
as shown in the experiment setup in Fig. 1(b). Over 9 days of monitoring, we observed periods of polarization
activity on the link, as shown by the plot of total polarization angle travel during mostly 0.9 s data captures (Fig.
3a). We observed “slow inelastic” (Label5) and “slow elastic” (Label6) events, similar to those reported in [6]
as shown in Fig. 2 (e) and (f), respectively. We collected 175 slow inelastic traces and added all of them into
the dataset. We also added “fast elastic” events (Label7, Fig. 2g), previously observed [6, 7] and square-wave
like scrambling SOP traces (Label8, Fig. 2h) to stress test the ML methods. One goal of the field experiments is
to find polarization signatures that precede a fiber break, which we did not observe, motivating future monitoring
work [5]. The relative rarity of such events requires data augmentation of the training traces, which we accomplish
by programming similar fast and slow elastic traces into a polarization synthesizer and using a polarization rotator
(Fig. 1c) to generate traces that cover the Poincare sphere. Additionally, when synthesizing slow and fast elastic
traces, we ensure that the transients occur uniformly along the time axis for time-translation invariance. The
enhanced dataset, by design, is more difficult to train/classify. It has a total of 2,000 SOP traces for eight labels
(shown in Fig. 2, an average of 250 traces per label), twice the number of events to classify compared to the
baseline dataset, but with ∼10x fewer traces per classification label - recall that we want accurate classification of
more labelled event types with fewer required training samples.

We use two simple pre-processing steps on the traces (in Stokes space) before the ML classification. First, to
reduce the complexity and possible overfitting, we down-sample the SOP traces to 100 points per dimension. We
observe that SOP traces of the same event, though different in starting/ending position on the Poincare sphere,
share similar trajectory structures that could be exploited by ML methods (Fig. 3b) [8]. As such, we create a new
dataset by rotating every SOP trace to the same staring point on the Poincare sphere (Fig. 3c) [8].

a) b) c)

Fig. 3. (a) SOP angular travel during traces captured over 9 days of field monitoring (b) SOP traces
of the same type of event (c) SOP traces of the same type of event with back rotations to the same
staring point. Diamond and circle markers indicate starting and ending positions, respectively.

3. Machine Learning Models
We consider a total of five ML models for classifying SOP events: linear support vector machine (LSVM), logistic
regression (LR) classifier, kernel SVM, neural network (NN), and a long-short-term-memory (LSTM) network.
Linear SVM and logistic regression only work well with linearly separable data, and are therefore expected to have
worse performance. In comparison, kernel SVM maps the inputs into a higher dimension space, thus allowing more
complex decision boundaries [9]. In this work, we use a Gaussian radial basis function as the kernel for SVM and
optimize over parameters C (the penalty for classification error) and γ (defines the influence of a single training
trace). Similarly, the nonlinear activation functions used at each NN layer greatly improves the classification
capabilities compared to the linear models. For the NN, we use two (hidden) layers (each with a size of 512
neurons) with dropouts at each layer to reduce overfitting. We optimize over the parameters such as dropout rate,
batch size, and training epochs. Since LSTM is a deep learning model that uses the long and short-term temporal
correlations within a time series to extract features for classification, we tune the parameters such as dropout rate,
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b at c h si z e, a n d tr ai ni n g e p o c hs, si mil ar t o t h e N N. All t h e tr ai ni n g a n d t esti n g ar e i m pl e m e nt e d vi a M L li br ari es
s u c h as s c kit-l e ar n [ 9 ] or Te ns or Fl o w wit h P yt h o n.
4.  R es ults
We e v al u at e t h e cl assi fi c ati o n a c c ur a c y, d e fi n e d as t h e p er c e nt a g e of c orr e ct cl assi fi c ati o n t o t h e 8 cl ass es of Fi g.
2, wit h a n d wit h o ut b a c k r ot ati o n. F or e a c h d at as et, w e s et asi d e 2 0 % of t h e s a m pl es as t h e t est s et. Of t h e 8 0 %
of t h e s a m pl es us e d f or t h e tr ai ni n g s et, w e v ar y t h e n u m b er of tr ai ni n g s a m pl es t o e v al u at e t h e i m p a ct of tr ai ni n g
s et si z e o n t h e a c c ur a c y. F or a c h os e n s a m pl e si z e, w e r a n 1 0 t ests, e a c h wit h diff er e nt r a n d o m s e e ds us e d f or
s el e cti n g tr ai ni n g a n d t esti n g s a m pl es. We r e p ort t h e a v er a g e a c c ur a c y of t h es e 1 0 t ests.

W h e n w e us e all t h e 8, 0 0 0 tr ai ni n g s a m pl es of t h e b e n c h m ar k d at as et [ 2 ] ( wit h o ut b a c k r ot ati o n), t h e a c c ur a c y
of t h e r es ults usi n g k er n el S V M, N N, a n d L S T M ar e all a b o v e 9 9 % ( Fi g. 4 a), si mil ar t o t h os e a c hi e v e d b y t h e
q u at er ni o n s e q u e n c e a n d n ai v e B a y es a p pr o a c h [ 2 ]. As e x p e ct e d, L S V M a n d L R p erf or m p o orl y i n c o m p aris o n,
d u e t o t h eir d e fi ci e n c y i n cl assif yi n g n o n-li n e arl y s e p ar a bl e d at a. W h e n t h e s a m pl es ar e pr oj e ct e d o n t h e hi g h er
di m e nsi o n ( as i n k er n el S V M) or pr o c ess e d b y n o n-li n e ar a cti v ati o n f u n cti o ns i n N N or L S T M, t h e y b e c o m e
li n e arl y s e p ar a bl e. N ot e t h at b ot h k er n el S V M a n d L S T M ar e ef fi ci e nt a n d r o b ust t o tr ai ni n g s et si z e, s h o wi n g a
dr o p of 1 % i n a c c ur a c y wit h o n e- or d er m a g nit u d e r e d u cti o n of tr ai ni n g s et si z e a n d a dr o p of o nl y 5 % i n a c c ur a c y
wit h t w o or d ers of m a g nit u d e r e d u cti o n of tr ai ni n g s et si z e, as s h o w n i n Fi g. 4. T his is criti c al f or r ar e- e v e nt
s c e n ari os a n d m oti v at es o ur us a g e of s m all er d at as et si z e f or t h e e n h a n c e d d at as et. T h e pl ot als o s h o ws t h e b e n e fit
of b a c k r ot ati n g S O P tr a c es – it n ot o nl y i m pr o v es t h e p erf or m a n c e of b ot h L S V M a n d L R, it als o i m pr o v es t h e
a c c ur a c y f or k er n el S V M, N N, a n d L T S M f or s m all tr ai ni n g s ets. We als o c o m p ut e t h e pr e cisi o n a n d r e c all f or
e a c h t est. T h e r es ults ar e c o nsist e nt wit h a c c ur a c y p erf or m a n c e a n d o mitt e d h er e d u e t o s p a c e c o nstr ai nts.

T h e r es ults of t h e e n h a n c e d d at as et ar e s h o w n i n Fi g. 4 b). W h e n w e us e all 1 6 0 0 tr ai ni n g s a m pl es ( n o b a c k
r ot ati o ns), t h e a c c ur a c y of t h e r es ults of k er n el S V M, N N, a n d L S T M ar e all a b o v e 9 6 %, d es pit e t h e l ar g er n u m b er
of e v e nt l a b els t o cl assif y a n d f e w er tr ai ni n g s a m pl es. As b as eli n e m o d els, L S V M a n d L R p erf or m p o orl y, d u e t o
t h e pr o bl e m of t h e n o n-li n e arl y s e p ar a bl e d at as et b ei n g e x a c er b at e d b y a l ar g er n u m b er of l a b els ( ei g ht vs. f o ur i n
t h e b e n c h m ar k d at as et). Si mil ar t o t h e b e n c h m ar k d at as et, k er n el S V M is ef fi ci e nt i n tr ai ni n g s et si z e – a dr o p of
o nl y 4 % wit h a 7 5 % r e d u cti o n of t h e tr ai ni n g s et. Si mil ar t o t h e b e n c h m ar k d at as et, S O P b a c k-r ot ati o ns i m pr o v e
t h e p erf or m a n c e of b ot h li n e ar S V M a n d l o gisti c r e gr essi o n. H o w e v er, i n c o ntr ast t o t h e b e n c h m ar k, t h e b a c k
r ot ati o n d e gr a d es t h e a c c ur a c y f or k er n el S V M, N N, a n d L T S M. T his is li k el y attri b ut e d t o t h e f a ct t h at t h e b a c k
r ot ati o ns c a n m a k e c ert ai n t e m p or al f e at ur es l ess disti n ct a m o n g s o m e t y p es of S O P e v e nts.

( a) ( b)

B k.	r ot.		i m pr o v e s	 a c c ur a c y	
f or	L S V M	 a n d	 L R.

B k.	r ot.		i m pr o v e s	 a c c ur a c y	
f or	L S V M	 a n d	 L R.

Fi g. 4. a) Cl assi fi c ati o n a c c ur a c y f or t h e b e n c h m ar k d at as et, a n d b) t h e e n h a n c e d d at as et.

5.  C o n cl usi o n
I n t his w or k, w e e v al u at e d M L m et h o ds f or S O P e v e nt cl assi fi c ati o n i n a c c ur a c y a n d s a m pl e si z e ef fi ci e n c y i n cl u d-
i n g fi el d m e as ur e m e nts. We s h o w t h at k er n el S V M a n d L S T M h a v e t h e b est a c c ur a c y a n d ar e r o b ust t o r e d u c e d
tr ai ni n g s ets. We als o s h o w t h at d at a a u g m e nt ati o n a n d si m pl e pr e- pr o c essi n g c a n i m pr o v e r ar e e v e nt cl assi fi c ati o n.
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