
Brain-Computer Interfaces (BCI) can serve 
as an important means of communication for 
patients who can’t communicate otherwise, 
due to paralysis or other severe motor 
impairments. Our BCI system uses 
electroencephalography (EEG) to detect 
activity in the brain as a user is shown letters 
on a screen, enabling them to spell words 
and phrases. EEG signals are extremely 
noisy and ambiguous.

Our system’s current language model falsely 
assumes a deterministic character selection 
history (1-best selection), so detection errors 
propagate quickly.

Introduction Method

Our Goal
Build an open-vocabulary language model  
that performs well with a “noisy” input.

Results
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OBJECTIVES
This work describes a process of pro-
ducing prior distributions given EEG
evidence as part of our BCI system.
Provide a character language model
that can

• Allow for OOV words to be pre-
dicted (and typed)

• Optimize over word-level paths

• Overcome relatively ambiguous
likelihoods provided as an input

INTRODUCTION
Brain-computer interfaces (BCIs)
introduce language-modeling chal-
lenges distinct from other character-
entry methods. Their user’s input
of EEG (Electroencephalogram) is
relatively noisy which makes the
user’s intent harder less decipherable.
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Figure 1: BCI system

ONLINE CONTEXT LM
To illustrate our method, the steps pre-
sented are applied on the input in Fig-
ure 2, which depicts a temporal se-
quence of EEG evidence.

Figure 2: input (EEG likelihoods)

First, we split the EEG history lattice
shown in Figure 2 into two parts: one,
containing all strings before the last
space (“#” in Figure 2), called “word

history” lattice (Fwh), and another, con-
taining all possible strings after the last
space, called the “trailing prefix” (Ftp)

Figure 3:
word history

Figure 4: trailing

prefix

The rest of the process is describ-
ing further lattice manipulation given
Fwh and Ftp. Fcw is generated from
Ftp providing possible completions
for the given prefix. Flm is a word lan-
guage model lattice. Fspell is a word to
character-lattice converter.
Ftopn = (FwhkFcw) � FwLM (1)

F

char
topn

= projchar(Ftopn � Fspell) (2)

Fsym = F

char
topn

[ FcharLM (3)

FOCLM = (Ftpk�) � Fsym (4)

OCLM prior is based on finding the
best words to complete Ftp given Fwh.

THE OCLM SYSTEM

1. OOV words that were seen be-
tween 1 � 5 times are mapped to
<unk> in the FwLM lattice.

2. For unseen words, when the pre-
fix has no valid continuation,
(such that Fcw = ;), the process is
reduced to Eq. 3 and 4 such that
Fsym = FcharLM .

3. Contextless word completion is
done to generate Fcw, and a con-
textual word completion is the
product of Eq. 1.

4. For each temporal addition of
EEG evidence the described sys-
tem re-evaluates the best path to
improve its predictions.

RESULTS

Baseline:
PreLM = (FNGRAMkFspace)*kFwp

Figure 5: Reciprocal Ranks of letter po-
sitions within words (n=1)
Figure 5 shows that OCLM RRs are
more accurate for longer duration and
take place earlier in the process.

nbest metric PreLM OCLM
MRR 0.7 0.75

n=1 PPX 1.8 1.9
ACC@10 0.96 0.96
MRR 0.29 0.51

n=2 PPX 3.5 3.0
ACC@10 0.69 0.87
MRR 0.26 0.44

n=3 PPX 4 3.9
ACC@10 0.63 0.83

Table 1: Evaluation Results (n=1,2,3)
For non-deterministic conditions (n >

1) both algorithms has suboptimal per-
formance, but while PreLm breaks
down OCLM has a small degradation.

SUMMARY

OCLM algorithm proved to outper-
form its baseline. Future steps are to

evaluate it as part of the integrated BCI
system on end users.

Table 1: Copy-Task Results of deterministic and 
ambiguous history of n=1, and n=2,3 respectively

We evaluated OCLM on a 
simulated copy task against a 
Witten-Bell smoothed 5-gram 
prefix character LM. To 
simulate a noisy selection 
history, we included the1/2/3-
best EEG selections.
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Figure 1: Reciprocal Ranks of letter 
positions within words

5. Projection from 
words to characters

6. Union with character 
LM
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<latexit sha1_base64="w4rpyfkT3cX3kxXatUFPU7EcSMY=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQFyURQTdCUSguFCrYB7QxTKbTduhkMsxMhBLyD278FTcuFHHrxp1/46TNQlsPXDiccy/33hMIRpV2nG+rsLC4tLxSXC2trW9sbtnbO00VxRKTBo5YJNsBUoRRThqaakbaQhIUBoy0gtFl5rceiFQ04nd6LIgXogGnfYqRNpJvH9X8RI3D9Lx2n+Ahkqmf6Ej4CU9T2MWxgMbP9Oub1LfLTsWZAM4TNydlkKPu21/dXoTjkHCNGVKq4zpCewmSmmJG0lI3VkQgPEID0jGUo5AoL5n8lMIDo/RgP5KmuIYT9fdEgkJlDg9MZ4j0UM16mfif14l1/8xLKBexJhxPF/VjBnUEs4Bgj0qCNRsbgrCk5laYBYCwNjGWTAju7MvzpHlccZ2Ke3tSrl7kcRTBHtgHh8AFp6AKrkAdNAAGj+AZvII368l6sd6tj2lrwcpndsEfWJ8/FXie4w==</latexit><latexit sha1_base64="w4rpyfkT3cX3kxXatUFPU7EcSMY=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQFyURQTdCUSguFCrYB7QxTKbTduhkMsxMhBLyD278FTcuFHHrxp1/46TNQlsPXDiccy/33hMIRpV2nG+rsLC4tLxSXC2trW9sbtnbO00VxRKTBo5YJNsBUoRRThqaakbaQhIUBoy0gtFl5rceiFQ04nd6LIgXogGnfYqRNpJvH9X8RI3D9Lx2n+Ahkqmf6Ej4CU9T2MWxgMbP9Oub1LfLTsWZAM4TNydlkKPu21/dXoTjkHCNGVKq4zpCewmSmmJG0lI3VkQgPEID0jGUo5AoL5n8lMIDo/RgP5KmuIYT9fdEgkJlDg9MZ4j0UM16mfif14l1/8xLKBexJhxPF/VjBnUEs4Bgj0qCNRsbgrCk5laYBYCwNjGWTAju7MvzpHlccZ2Ke3tSrl7kcRTBHtgHh8AFp6AKrkAdNAAGj+AZvII368l6sd6tj2lrwcpndsEfWJ8/FXie4w==</latexit><latexit sha1_base64="w4rpyfkT3cX3kxXatUFPU7EcSMY=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQFyURQTdCUSguFCrYB7QxTKbTduhkMsxMhBLyD278FTcuFHHrxp1/46TNQlsPXDiccy/33hMIRpV2nG+rsLC4tLxSXC2trW9sbtnbO00VxRKTBo5YJNsBUoRRThqaakbaQhIUBoy0gtFl5rceiFQ04nd6LIgXogGnfYqRNpJvH9X8RI3D9Lx2n+Ahkqmf6Ej4CU9T2MWxgMbP9Oub1LfLTsWZAM4TNydlkKPu21/dXoTjkHCNGVKq4zpCewmSmmJG0lI3VkQgPEID0jGUo5AoL5n8lMIDo/RgP5KmuIYT9fdEgkJlDg9MZ4j0UM16mfif14l1/8xLKBexJhxPF/VjBnUEs4Bgj0qCNRsbgrCk5laYBYCwNjGWTAju7MvzpHlccZ2Ke3tSrl7kcRTBHtgHh8AFp6AKrkAdNAAGj+AZvII368l6sd6tj2lrwcpndsEfWJ8/FXie4w==</latexit><latexit sha1_base64="w4rpyfkT3cX3kxXatUFPU7EcSMY=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQFyURQTdCUSguFCrYB7QxTKbTduhkMsxMhBLyD278FTcuFHHrxp1/46TNQlsPXDiccy/33hMIRpV2nG+rsLC4tLxSXC2trW9sbtnbO00VxRKTBo5YJNsBUoRRThqaakbaQhIUBoy0gtFl5rceiFQ04nd6LIgXogGnfYqRNpJvH9X8RI3D9Lx2n+Ahkqmf6Ej4CU9T2MWxgMbP9Oub1LfLTsWZAM4TNydlkKPu21/dXoTjkHCNGVKq4zpCewmSmmJG0lI3VkQgPEID0jGUo5AoL5n8lMIDo/RgP5KmuIYT9fdEgkJlDg9MZ4j0UM16mfif14l1/8xLKBexJhxPF/VjBnUEs4Bgj0qCNRsbgrCk5laYBYCwNjGWTAju7MvzpHlccZ2Ke3tSrl7kcRTBHtgHh8AFp6AKrkAdNAAGj+AZvII368l6sd6tj2lrwcpndsEfWJ8/FXie4w==</latexit>

2b. Possible in-
progress word prefixes

0 1
l
n
m

2
o
n
p

Ftp:
<latexit sha1_base64="qt5+kKrYt1714MZ3sJA6Cr7PlWQ=">AAACDHicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoHgKCuIxgnlAsobZyWwyZHZmmekVw7K/4NmrfoM38eo/+An+hbNJDppY0FBUddPdFcSCG3DdL6ewtLyyulZcL21sbm3vlHf3mkYlmrIGVULpdkAME1yyBnAQrB1rRqJAsFYwusr91gPThit5B+OY+REZSB5ySsBK99e9FOKsC+wR0ousV664VXcCvEi8GamgGeq98ne3r2gSMQlUEGM6nhuDnxINnAqWlbqJYTGhIzJgHUsliZjx08nVGT6ySh+HStuSgCfq74mURMaMo8B2RgSGZt7LxX+9XAGlhJk7AMJzP+UyToBJOt0fJgKDwnkyuM81oyDGlhCquX0B0yHRhILNr2Sz8eaTWCTNk6rnVr3b00rtcpZSER2gQ3SMPHSGaugG1VEDUaTRM3pBr86T8+a8Ox/T1oIzm9lHf+B8/gAIV5y2</latexit><latexit sha1_base64="qt5+kKrYt1714MZ3sJA6Cr7PlWQ=">AAACDHicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoHgKCuIxgnlAsobZyWwyZHZmmekVw7K/4NmrfoM38eo/+An+hbNJDppY0FBUddPdFcSCG3DdL6ewtLyyulZcL21sbm3vlHf3mkYlmrIGVULpdkAME1yyBnAQrB1rRqJAsFYwusr91gPThit5B+OY+REZSB5ySsBK99e9FOKsC+wR0ousV664VXcCvEi8GamgGeq98ne3r2gSMQlUEGM6nhuDnxINnAqWlbqJYTGhIzJgHUsliZjx08nVGT6ySh+HStuSgCfq74mURMaMo8B2RgSGZt7LxX+9XAGlhJk7AMJzP+UyToBJOt0fJgKDwnkyuM81oyDGlhCquX0B0yHRhILNr2Sz8eaTWCTNk6rnVr3b00rtcpZSER2gQ3SMPHSGaugG1VEDUaTRM3pBr86T8+a8Ox/T1oIzm9lHf+B8/gAIV5y2</latexit><latexit sha1_base64="qt5+kKrYt1714MZ3sJA6Cr7PlWQ=">AAACDHicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoHgKCuIxgnlAsobZyWwyZHZmmekVw7K/4NmrfoM38eo/+An+hbNJDppY0FBUddPdFcSCG3DdL6ewtLyyulZcL21sbm3vlHf3mkYlmrIGVULpdkAME1yyBnAQrB1rRqJAsFYwusr91gPThit5B+OY+REZSB5ySsBK99e9FOKsC+wR0ousV664VXcCvEi8GamgGeq98ne3r2gSMQlUEGM6nhuDnxINnAqWlbqJYTGhIzJgHUsliZjx08nVGT6ySh+HStuSgCfq74mURMaMo8B2RgSGZt7LxX+9XAGlhJk7AMJzP+UyToBJOt0fJgKDwnkyuM81oyDGlhCquX0B0yHRhILNr2Sz8eaTWCTNk6rnVr3b00rtcpZSER2gQ3SMPHSGaugG1VEDUaTRM3pBr86T8+a8Ox/T1oIzm9lHf+B8/gAIV5y2</latexit><latexit sha1_base64="qt5+kKrYt1714MZ3sJA6Cr7PlWQ=">AAACDHicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoHgKCuIxgnlAsobZyWwyZHZmmekVw7K/4NmrfoM38eo/+An+hbNJDppY0FBUddPdFcSCG3DdL6ewtLyyulZcL21sbm3vlHf3mkYlmrIGVULpdkAME1yyBnAQrB1rRqJAsFYwusr91gPThit5B+OY+REZSB5ySsBK99e9FOKsC+wR0ousV664VXcCvEi8GamgGeq98ne3r2gSMQlUEGM6nhuDnxINnAqWlbqJYTGhIzJgHUsliZjx08nVGT6ySh+HStuSgCfq74mURMaMo8B2RgSGZt7LxX+9XAGlhJk7AMJzP+UyToBJOt0fJgKDwnkyuM81oyDGlhCquX0B0yHRhILNr2Sz8eaTWCTNk6rnVr3b00rtcpZSER2gQ3SMPHSGaugG1VEDUaTRM3pBr86T8+a8Ox/T1oIzm9lHf+B8/gAIV5y2</latexit>

2a. Hypothesized word 
histories

0 1the
sheFwh:

<latexit sha1_base64="pq1gYQ3u2pZyC6gyR6rMc1/qTNg=">AAACDHicbVDLSgNBEJz1GeMr6tHLYBA8hV0RFE9BQTxGMA9I1jA7mU2GzM4sM71qWPYXPHvVb/AmXv0HP8G/cDbJQRMLGoqqbrq7glhwA6775SwsLi2vrBbWiusbm1vbpZ3dhlGJpqxOlVC6FRDDBJesDhwEa8WakSgQrBkML3O/ec+04UrewihmfkT6koecErDS3VU3fRhkHWCPkJ5n3VLZrbhj4HniTUkZTVHrlr47PUWTiEmgghjT9twY/JRo4FSwrNhJDIsJHZI+a1sqScSMn46vzvChVXo4VNqWBDxWf0+kJDJmFAW2MyIwMLNeLv7r5QooJczMARCe+SmXcQJM0sn+MBEYFM6TwT2uGQUxsoRQze0LmA6IJhRsfkWbjTebxDxpHFc8t+LdnJSrF9OUCmgfHaAj5KFTVEXXqIbqiCKNntELenWenDfn3fmYtC4405k99AfO5w8AJpyx</latexit><latexit sha1_base64="pq1gYQ3u2pZyC6gyR6rMc1/qTNg=">AAACDHicbVDLSgNBEJz1GeMr6tHLYBA8hV0RFE9BQTxGMA9I1jA7mU2GzM4sM71qWPYXPHvVb/AmXv0HP8G/cDbJQRMLGoqqbrq7glhwA6775SwsLi2vrBbWiusbm1vbpZ3dhlGJpqxOlVC6FRDDBJesDhwEa8WakSgQrBkML3O/ec+04UrewihmfkT6koecErDS3VU3fRhkHWCPkJ5n3VLZrbhj4HniTUkZTVHrlr47PUWTiEmgghjT9twY/JRo4FSwrNhJDIsJHZI+a1sqScSMn46vzvChVXo4VNqWBDxWf0+kJDJmFAW2MyIwMLNeLv7r5QooJczMARCe+SmXcQJM0sn+MBEYFM6TwT2uGQUxsoRQze0LmA6IJhRsfkWbjTebxDxpHFc8t+LdnJSrF9OUCmgfHaAj5KFTVEXXqIbqiCKNntELenWenDfn3fmYtC4405k99AfO5w8AJpyx</latexit><latexit sha1_base64="pq1gYQ3u2pZyC6gyR6rMc1/qTNg=">AAACDHicbVDLSgNBEJz1GeMr6tHLYBA8hV0RFE9BQTxGMA9I1jA7mU2GzM4sM71qWPYXPHvVb/AmXv0HP8G/cDbJQRMLGoqqbrq7glhwA6775SwsLi2vrBbWiusbm1vbpZ3dhlGJpqxOlVC6FRDDBJesDhwEa8WakSgQrBkML3O/ec+04UrewihmfkT6koecErDS3VU3fRhkHWCPkJ5n3VLZrbhj4HniTUkZTVHrlr47PUWTiEmgghjT9twY/JRo4FSwrNhJDIsJHZI+a1sqScSMn46vzvChVXo4VNqWBDxWf0+kJDJmFAW2MyIwMLNeLv7r5QooJczMARCe+SmXcQJM0sn+MBEYFM6TwT2uGQUxsoRQze0LmA6IJhRsfkWbjTebxDxpHFc8t+LdnJSrF9OUCmgfHaAj5KFTVEXXqIbqiCKNntELenWenDfn3fmYtC4405k99AfO5w8AJpyx</latexit><latexit sha1_base64="pq1gYQ3u2pZyC6gyR6rMc1/qTNg=">AAACDHicbVDLSgNBEJz1GeMr6tHLYBA8hV0RFE9BQTxGMA9I1jA7mU2GzM4sM71qWPYXPHvVb/AmXv0HP8G/cDbJQRMLGoqqbrq7glhwA6775SwsLi2vrBbWiusbm1vbpZ3dhlGJpqxOlVC6FRDDBJesDhwEa8WakSgQrBkML3O/ec+04UrewihmfkT6koecErDS3VU3fRhkHWCPkJ5n3VLZrbhj4HniTUkZTVHrlr47PUWTiEmgghjT9twY/JRo4FSwrNhJDIsJHZI+a1sqScSMn46vzvChVXo4VNqWBDxWf0+kJDJmFAW2MyIwMLNeLv7r5QooJczMARCe+SmXcQJM0sn+MBEYFM6TwT2uGQUxsoRQze0LmA6IJhRsfkWbjTebxDxpHFc8t+LdnJSrF9OUCmgfHaAj5KFTVEXXqIbqiCKNntELenWenDfn3fmYtC4405k99AfO5w8AJpyx</latexit>

3. Possible word 
completions

0 1

monkey

money

mother
love
noise
no

logic

Fcw:
<latexit sha1_base64="hFHNDK4b/TGe5r7p1tEaqE6lOz4=">AAACDHicbVDLSgNBEJz1GeMr6tHLYBA8hV0RFE9BQTxGMA9I1jA7mU2GzM4sM71qWPYXPHvVb/AmXv0HP8G/cDbJQRMLGoqqbrq7glhwA6775SwsLi2vrBbWiusbm1vbpZ3dhlGJpqxOlVC6FRDDBJesDhwEa8WakSgQrBkML3O/ec+04UrewihmfkT6koecErDS3VU3pQ9ZB9gjpOdZt1R2K+4YeJ54U1JGU9S6pe9OT9EkYhKoIMa0PTcGPyUaOBUsK3YSw2JCh6TP2pZKEjHjp+OrM3xolR4OlbYlAY/V3xMpiYwZRYHtjAgMzKyXi/96uQJKCTNzAIRnfsplnACTdLI/TAQGhfNkcI9rRkGMLCFUc/sCpgOiCQWbX9Fm480mMU8axxXPrXg3J+XqxTSlAtpHB+gIeegUVdE1qqE6okijZ/SCXp0n5815dz4mrQvOdGYP/YHz+QP3z5ys</latexit><latexit sha1_base64="hFHNDK4b/TGe5r7p1tEaqE6lOz4=">AAACDHicbVDLSgNBEJz1GeMr6tHLYBA8hV0RFE9BQTxGMA9I1jA7mU2GzM4sM71qWPYXPHvVb/AmXv0HP8G/cDbJQRMLGoqqbrq7glhwA6775SwsLi2vrBbWiusbm1vbpZ3dhlGJpqxOlVC6FRDDBJesDhwEa8WakSgQrBkML3O/ec+04UrewihmfkT6koecErDS3VU3pQ9ZB9gjpOdZt1R2K+4YeJ54U1JGU9S6pe9OT9EkYhKoIMa0PTcGPyUaOBUsK3YSw2JCh6TP2pZKEjHjp+OrM3xolR4OlbYlAY/V3xMpiYwZRYHtjAgMzKyXi/96uQJKCTNzAIRnfsplnACTdLI/TAQGhfNkcI9rRkGMLCFUc/sCpgOiCQWbX9Fm480mMU8axxXPrXg3J+XqxTSlAtpHB+gIeegUVdE1qqE6okijZ/SCXp0n5815dz4mrQvOdGYP/YHz+QP3z5ys</latexit><latexit sha1_base64="hFHNDK4b/TGe5r7p1tEaqE6lOz4=">AAACDHicbVDLSgNBEJz1GeMr6tHLYBA8hV0RFE9BQTxGMA9I1jA7mU2GzM4sM71qWPYXPHvVb/AmXv0HP8G/cDbJQRMLGoqqbrq7glhwA6775SwsLi2vrBbWiusbm1vbpZ3dhlGJpqxOlVC6FRDDBJesDhwEa8WakSgQrBkML3O/ec+04UrewihmfkT6koecErDS3VU3pQ9ZB9gjpOdZt1R2K+4YeJ54U1JGU9S6pe9OT9EkYhKoIMa0PTcGPyUaOBUsK3YSw2JCh6TP2pZKEjHjp+OrM3xolR4OlbYlAY/V3xMpiYwZRYHtjAgMzKyXi/96uQJKCTNzAIRnfsplnACTdLI/TAQGhfNkcI9rRkGMLCFUc/sCpgOiCQWbX9Fm480mMU8axxXPrXg3J+XqxTSlAtpHB+gIeegUVdE1qqE6okijZ/SCXp0n5815dz4mrQvOdGYP/YHz+QP3z5ys</latexit><latexit sha1_base64="hFHNDK4b/TGe5r7p1tEaqE6lOz4=">AAACDHicbVDLSgNBEJz1GeMr6tHLYBA8hV0RFE9BQTxGMA9I1jA7mU2GzM4sM71qWPYXPHvVb/AmXv0HP8G/cDbJQRMLGoqqbrq7glhwA6775SwsLi2vrBbWiusbm1vbpZ3dhlGJpqxOlVC6FRDDBJesDhwEa8WakSgQrBkML3O/ec+04UrewihmfkT6koecErDS3VU3pQ9ZB9gjpOdZt1R2K+4YeJ54U1JGU9S6pe9OT9EkYhKoIMa0PTcGPyUaOBUsK3YSw2JCh6TP2pZKEjHjp+OrM3xolR4OlbYlAY/V3xMpiYwZRYHtjAgMzKyXi/96uQJKCTNzAIRnfsplnACTdLI/TAQGhfNkcI9rRkGMLCFUc/sCpgOiCQWbX9Fm480mMU8axxXPrXg3J+XqxTSlAtpHB+gIeegUVdE1qqE6okijZ/SCXp0n5815dz4mrQvOdGYP/YHz+QP3z5ys</latexit>

7. Intersection of trailing prefix with 
the final symbol language model

FOCLM = (Ftpk�) � Fsym
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1. Noisy EEG History, weighted by likelihood of selection
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4. Top-n words, 
weighted by word LM
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The OCLM performs better with a noisy 
history than a more traditional model, and 
suffers less as noise increases. Our 
approach offers additional possibilities for 
personalization and adaptation.

Future work: integration with our existing 
BCI system; testing with real BCI users.

Metrics: Perplexity (PPX), mean reciprocal rank 
(MRR) of target character in ranked predictions,  
Top-10 prediction accuracy (ACC@10).

Our online-context language model 
(OCLM) explicitly models both word- and 
character-level information. This allows it 
to better account for a (potentially lengthy) 
noisy character selection history (1). 

The OCLM uses hypotheses about what 
the user may have already typed (2a) 
together with possible in-progress words 
(2b, 3) to rank possible word completions 
(4) using a word language model. We then 
produce a weighted character lattice (5).

This is combined with a standard 
character language model (6), which we 
then use to estimate probabilities for 
subsequent character selections (7).


