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Abstract. Cognitive probing combines the ability of computers to interpret ongoing measures of arbitrary brain activity, with the ability
of those same computers to actively elicit cognitive responses from their
users. Purposefully elicited responses can be interpreted in order to learn
about the user, enable symbiotic and implicit interaction, and support
neuroadaptive technology. We propose a working definition of cognitive
probing that allows it to be generalised across different applications and
disciplines.
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Introduction

A brain-computer interface (BCI) is a system that allows an output channel to
be established directly between a user’s brain and a technological system—an
output channel “that is neither neuromuscular nor hormonal” [9]. This allows
for example completely paralysed or locked-in patients to communicate with the
outside world using mental spellers [1] or brain-activated prostheses [7]. Through
BCI systems, people can control such devices using only their brain activity.
A passive brain-computer interface (pBCI) [14] uses similar hard- and software in order to interpret brain activity that was not meant to control a device.
Instead, it detects and interprets “natural” [5] brain activity that reflects the
user’s cognitive and mental state, and uses this as implicit input to support
ongoing human-computer interaction [12].
The automatic correction of user response errors is an early example of what
is now known as pBCI. For example in a speeded reaction task, whenever an error
negativity [3] was detected, the response would be undone [8]. This approach
was later extended to machine errors: whenever the user observed the machine
committing an error, it could be corrected if the appropriate brain signal was
detected [13].
Note that these are indeed passive BCI applications, since the perception of
such an error itself elicits the relevant brain activity, and the user expends no
additional effort to inform the computer of the fact that an error occurred.
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That machine errors elicit such a detectable response, confirmed also by
other experiments [2], is a fact that can be actively exploited by the system. For
example, the system can tentatively perform any number of random acts, and
can then assess, using pBCI, whether or not these were perceived as erroneous
or not by the user. Any action that was not perceived to be in error can then be
definitively committed. As such, the user would have implicitly communicated
to the system what they wanted it to do, without having given any explicit
commands or instructions [11].
Such a scenario was recently demonstrated to be possible using a form of
implicit cursor control [11, 15], and separately by another group using a robotic
arm [4]. In this paper, we take the former as an example. Participants were
observing the initially random movements of a cursor on a grid, on which one
target location was indicated. For each movement, the computer could assess
from ongoing measurements of brain activity whether or not that movement
was perceived as either “acceptable” or “not acceptable”. Using this information,
the system learned over time which movements were apparently desired by the
user, and adapted the cursor’s behaviour in order to steer it towards the target
location.
We believe that this approach, where the computer purposefully elicits responses in order to obtain information not explicitly communicated by the user,
can be formulated more generally. The approach is not unique to the abovementioned example: armed with a general formulation we can see, in retrospect,
that other, older applications have used this method as well. A standard definition of this approach should make it more easily recognisable as such, highlighting it as a worthwhile method of its own, and making it more accessible to
other researchers across disciplines. We propose to name this approach cognitive
probing.
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Cognitive Probing

Cognitive probing refers to the general use of this approach. A stricter definition focuses on the defining behaviour of the system at hand: such a system
utilises cognitive probes. We propose the following definition of a cognitive probe:
A cognitive probe is a single autogenous system adaptation that is
initiated or co-opted by that system in order to learn from the user’s
contextual, cognitive brain response to it.
This definition consists of a number of terms that may warrant further discussion.
First of all, we use the term system adaptation to refer to any state change
of the technological system [5, 6], be they the perceptible presentation of stimuli
or feedback, or more subtle changes to the state or behaviour of the system.
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One such state change is autogenous when it is initiated by the system. This
separates cognitive probes from adaptations whose specific form was decided by
the human user, for example through explicit commands.
Such an autogenous state change can be either intended to be a probe—i.e.
initiated primarily for that purpose—or, it can be a state change that occurs
primarily for other reasons, for example, the presentation of feedback to inform
the user. Such a latter adaptation may however still elicit a detectable brain
response, can thus still be used for the same purpose—i.e., it can be co-opted to
serve as a probe.
We are focusing in this definition on the user’s cognitive brain response to
these adaptations, as inferred from measures of their brain activity. The probes
must thus in one way or another elicit cognition-related brain activity, or a
change in ongoing brain activity.
Ultimately, the goal of cognitive probing is to obtain information from the
user’s brain response to the probes, either about the user, about a specific adaptation, or about the system as a whole. In short, the probes serve to learn.
For the gathered information to be meaningfully used as a basis for learning,
further information is required. Not only the response itself must be known, but
also, what elicited that response. That is the minimum possible context of the
brain response. However, this context can be extended further to include other
relevant contextual aspects: for example, the response may be dependent of the
time of day, the physical location, or any other number of situational aspects.
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Discussion

The example mentioned in the introduction fits the proposed definition of cognitive probing in the following way. Each single cursor movement was initiated
by the computer itself, with the goal of eliciting a specific brain response. This
response was then recorded in a user model that described the inferred user preferences in relation to the different possible movement directions. The system thus
learned the user’s preferred cursor behaviour. The observed improvement in the
cursor’s performance [15] demonstrates the effectiveness of this approach. In particular, the approach implemented here makes use of a sequence of probes. Where
traditional BCI applications often use direct (open-loop or closed-loop [5]) adaptations based directly on single-trial brain responses, this example shows how
multiple probes from a known context, combined with their (implicit) brain responses, can lead to inferences of higher aspects of cognition, in this case the
desired cursor behaviour.
Note that the system could have learned this information even if the cursor
continued to move randomly. However, the cursor used the obtained information
in real time in order to reach its goal more quickly. This neuroadaptive behaviour
of the cursor is not a necessity according to the proposed definition, although it
illustrates how this approach can be used to increase the interactivity of humancomputer interaction, based entirely on implicitly communicated information
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[11, 5]. Such closed-loop interactions based on implicit input can provide the
basis for a close, symbiotic relationship between humans and technology.
In the real world, we must deal not only with noisy environments, but also
with a rich, uncontrollable context. Importantly, because the learning is based
on implicit information and can be extended over longer periods of time, the
single-trial accuracy of the system is not as critical as it would be for any sort of
direct control application. Thus, this approach can be effective even with subperfect acquisition technology, such as more user-friendly dry electrodes [10].
Furthermore, even in varying environments and contexts, the primary context
of interest is always known—it is the probe itself. Any contextual information
that is added may be helpful, but is not required.
Because of this, we believe cognitive probing to be a promising strategy to
be used for next-generation neuroadaptive technology, provided that it is used
with due consideration and respect for the user’s privacy of thought.
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