
Why It Hurts!

With freedom comes the biological need for pain

Keith Farnsworth 2023



To answer this question, I will use a radically 
new concept, not only of how life works, but 
even of how cause and effect arise in the 
physical world at all. 

If pain is a signal meant to inform us of potential
damage, then why does it have to be so nasty?

Is this going to hurt?
Pinterest - unknown source.



Bob Elwood

Famous for showing lobsters can feel pain.
(as opposed to mere nociception)

AP Biology Blog 2013



My main premise is that pain is not just an 
informative signal.

It is a motivational command to attend to 
the cause of the pain.

Only needed
if you can 
choose to 
ignore it.

Pinterest - unknown source.

Wounded, still fighting.



Danny Cipriani (Wasps) ankle subluxation (getty images) 

Play on 

Or not!

The Pain question



We have a choice: attend to the source of pain 
or carry on regardless. 

If we were automatons, pain would only need to be
an informative signal.

If we are free evaluative agents, pain has to provide
a motivation for behaviour change.

a

b
evaluate

pain 

desire 

action competing motivations 



Some Definitions



What is Pain?

“An unpleasant sensory and emotional experience 
associated with, or resembling that associated with, 
actual or potential tissue damage”

The  International Association for the Study of Pain (IASP)

A qualitative feeling, not just a (nociceptive) signal.

Gout: from Podiatry Coding. com



What is Pain?

“An unpleasant sensory and emotional experience 
associated with, or resembling that associated with, 
actual or potential tissue damage”

The  International Association for the Study of Pain (IASP)

A qualitative feeling, not just a (nociceptive) signal.

Gout: from Podiatry Coding. com
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Qualitative subjective feelings

“What happens in my head stays in my head”.

Exactly what it feels like 
to have the experience of  
sucking a strong mint.

Philosophers call these ineffable internal experiences 

Qualia



http://tailandfur.com/bat-pictures-which-shows-they-arent-vampires/

Thomas Nagel (Philosopher) Pteropus poliocephalus

What is it like to be a bat? (Thomas Nagel, 1974).

…you can only know if you are a bat.

Flying fox



Sentience

Andrew Crump et al. 2022. Anim. Scentience 32 

It is one of the components of consciousness. 
Sentience is self-evidently needed for pain, but consciousness might not be.  

The capacity to feel, 
including sensory experiences (e.g. visual, auditory, tactile, olfactory) 
as well as feelings of warmth, comfort, fatigue, hunger, thirst, 
distress, anxiety, pain, pleasure and joy. 

vegan-supermarket.uk



Emotion (Affect)
Sentience seems always to involve emotion.

psychmechanics.com

We’ve all been there!

Emotion is “not mere phenomenal states but evaluative 
responses to one's situation”. Helm, 2002. Am. Philos. Q. 39, 13–30. 

Affect is a top-level phenomenon that sets 
the internal context for information 
processing and action selection:  

It’s an internal psychological milieu 
(literally, via neurohormones) 
modulating the parameters of judgement. 
To that extent emotions are evaluative in 
function.



Biological Autonomy
Both evaluation and action selection imply autonomy:
the ability to decide what to do, independent of 
exogenous control.

But autonomy is a violation of the laws of physics. 

For every cause there is 
an effect and for every 
effect there is a cause.  



There is a prior cause for
every event.

<latexit sha1_base64="ARZqUUEhNxz1BzKixNPkdhvhNvU=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69BIvgKWxEsceiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jpi1iRR8MPN6bYWZemAquDSGfTmFldW19o7hZ2tre2d0r7x80dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji6zv3WAyrNE3lvxikGMR1IHnFGjZXusMd75QrxqiSH63tkToh3vqxUYIF6r/zR7Scsi1EaJqjWHZ+kJphQZTgTOC11M40pZSM6wI6lksaog8ns1Kl7YpW+GyXKljTuTP05MaGx1uM4tJ0xNUP928vFv7xOZqJqMOEyzQxKNl8UZcI1iZv/7fa5QmbE2BLKFLe3umxIFWXGplOyIXz//j9pnnn+hUduzyu1q0UcRTiCYzgFHy6hBjdQhwYwGMAjPMOLI5wn59V5m7cWnMXMISzBef8CWAeN1g==</latexit>ei

<latexit sha1_base64="50WTJTPVMAAQMlRJ9iihfnbmRVs=">AAAB6XicdVBNSwMxEJ2tX7V+VT16CRbB05KVFnssevFYxX5Au5Rsmm1Ds9klyQpl6T/w4kERr/4jb/4bs20RK/pg4PHeDDPzgkRwbTD+dApr6xubW8Xt0s7u3v5B+fCoreNUUdaisYhVNyCaCS5Zy3AjWDdRjESBYJ1gcp37nQemNI/lvZkmzI/ISPKQU2KsdNfPBuUKdus4B/JcvCDYra4qFViiOSh/9IcxTSMmDRVE656HE+NnRBlOBZuV+qlmCaETMmI9SyWJmPaz+aUzdGaVIQpjZUsaNFd/TmQk0noaBbYzImasf3u5+JfXS01Y9zMuk9QwSReLwlQgE6P8bTTkilEjppYQqri9FdExUYQaG07JhvD9+/+kfeF6NRffViuNq2UcRTiBUzgHDy6hATfQhBZQCOERnuHFmThPzqvztmgtOMuZY1iB8/4Fr+2Ndg==</latexit>

{

That is consistent with standard physics.



There is a prior cause for
every event.

<latexit sha1_base64="ARZqUUEhNxz1BzKixNPkdhvhNvU=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69BIvgKWxEsceiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jpi1iRR8MPN6bYWZemAquDSGfTmFldW19o7hZ2tre2d0r7x80dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji6zv3WAyrNE3lvxikGMR1IHnFGjZXusMd75QrxqiSH63tkToh3vqxUYIF6r/zR7Scsi1EaJqjWHZ+kJphQZTgTOC11M40pZSM6wI6lksaog8ns1Kl7YpW+GyXKljTuTP05MaGx1uM4tJ0xNUP928vFv7xOZqJqMOEyzQxKNl8UZcI1iZv/7fa5QmbE2BLKFLe3umxIFWXGplOyIXz//j9pnnn+hUduzyu1q0UcRTiCYzgFHy6hBjdQhwYwGMAjPMOLI5wn59V5m7cWnMXMISzBef8CWAeN1g==</latexit>ei

<latexit sha1_base64="ampTEanK+ETX4MTQYBJScbbyR5Q=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbB05KVFnssevFY0X5Au5Rsmm1Ds9klyQpl6U/w4kERr/4ib/4bs20RK/pg4PHeDDPzgkRwbTD+dApr6xubW8Xt0s7u3v5B+fCoreNUUdaisYhVNyCaCS5Zy3AjWDdRjESBYJ1gcp37nQemNI/lvZkmzI/ISPKQU2KsdBcO+KBcwW4d50CeixcEu9VVpQJLNAflj/4wpmnEpKGCaN3zcGL8jCjDqWCzUj/VLCF0QkasZ6kkEdN+Nj91hs6sMkRhrGxJg+bqz4mMRFpPo8B2RsSM9W8vF//yeqkJ637GZZIaJuliUZgKZGKU/42GXDFqxNQSQhW3tyI6JopQY9Mp2RC+f/+ftC9cr+bi22qlcbWMowgncArn4MElNOAGmtACCiN4hGd4cYTz5Lw6b4vWgrOcOYYVOO9fWY2N1w==</latexit>

fi

<latexit sha1_base64="/dLHy1sOTlCoxppgw17RTVtxXGY=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU9iIYo9FLx4r2g9oQ9lsN+nSzSbsboQS+hO8eFDEq7/Im//GTVvEij4YeLw3w8y8IBVcG4w/ndLK6tr6RnmzsrW9s7tX3T9o6yRTlLVoIhLVDYhmgkvWMtwI1k0VI3EgWCcYXxd+54EpzRN5byYp82MSSR5ySoyV7qIBH1Rr2K3jAshz8Zxg93xZqcECzUH1oz9MaBYzaaggWvc8nBo/J8pwKti00s80Swkdk4j1LJUkZtrPZ6dO0YlVhihMlC1p0Ez9OZGTWOtJHNjOmJiR/u0V4l9eLzNh3c+5TDPDJJ0vCjOBTIKKv9GQK0aNmFhCqOL2VkRHRBFqbDoVG8L37/+T9pnrXbj49rzWuFrEUYYjOIZT8OASGnADTWgBhQge4RleHOE8Oa/O27y15CxmDmEJzvsXWxON2A==</latexit>gi

<latexit sha1_base64="eF4+yfo5X99bZjIbD1gMYn/jnWI=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbB05KVFnssevFY0X5Au5Rsmm1Ds9klyQpl6U/w4kERr/4ib/4bs20RK/pg4PHeDDPzgkRwbTD+dApr6xubW8Xt0s7u3v5B+fCoreNUUdaisYhVNyCaCS5Zy3AjWDdRjESBYJ1gcp37nQemNI/lvZkmzI/ISPKQU2KsdDce8EG5gt06zoE8Fy8IdqurSgWWaA7KH/1hTNOISUMF0brn4cT4GVGGU8FmpX6qWULohIxYz1JJIqb9bH7qDJ1ZZYjCWNmSBs3VnxMZibSeRoHtjIgZ699eLv7l9VIT1v2MyyQ1TNLFojAVyMQo/xsNuWLUiKklhCpub0V0TBShxqZTsiF8//4/aV+4Xs3Ft9VK42oZRxFO4BTOwYNLaMANNKEFFEbwCM/w4gjnyXl13hatBWc5cwwrcN6/AFyZjdk=</latexit>

hi

<latexit sha1_base64="7iiwPbsEm0NtB+Ign5ZK16wCcKo=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbB05KVFnssevFY0X5Au5Rsmm1Ds9klyQpl6U/w4kERr/4ib/4bs20RK/pg4PHeDDPzgkRwbTD+dApr6xubW8Xt0s7u3v5B+fCoreNUUdaisYhVNyCaCS5Zy3AjWDdRjESBYJ1gcp37nQemNI/lvZkmzI/ISPKQU2KsdDcZ8EG5gt06zoE8Fy8IdqurSgWWaA7KH/1hTNOISUMF0brn4cT4GVGGU8FmpX6qWULohIxYz1JJIqb9bH7qDJ1ZZYjCWNmSBs3VnxMZibSeRoHtjIgZ699eLv7l9VIT1v2MyyQ1TNLFojAVyMQo/xsNuWLUiKklhCpub0V0TBShxqZTsiF8//4/aV+4Xs3Ft9VK42oZRxFO4BTOwYNLaMANNKEFFEbwCM/w4gjnyXl13hatBWc5cwwrcN6/AGErjdw=</latexit>

ki



There is a prior cause for
every event.

<latexit sha1_base64="ARZqUUEhNxz1BzKixNPkdhvhNvU=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69BIvgKWxEsceiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jpi1iRR8MPN6bYWZemAquDSGfTmFldW19o7hZ2tre2d0r7x80dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji6zv3WAyrNE3lvxikGMR1IHnFGjZXusMd75QrxqiSH63tkToh3vqxUYIF6r/zR7Scsi1EaJqjWHZ+kJphQZTgTOC11M40pZSM6wI6lksaog8ns1Kl7YpW+GyXKljTuTP05MaGx1uM4tJ0xNUP928vFv7xOZqJqMOEyzQxKNl8UZcI1iZv/7fa5QmbE2BLKFLe3umxIFWXGplOyIXz//j9pnnn+hUduzyu1q0UcRTiCYzgFHy6hBjdQhwYwGMAjPMOLI5wn59V5m7cWnMXMISzBef8CWAeN1g==</latexit>ei

t=now

<latexit sha1_base64="ampTEanK+ETX4MTQYBJScbbyR5Q=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbB05KVFnssevFY0X5Au5Rsmm1Ds9klyQpl6U/w4kERr/4ib/4bs20RK/pg4PHeDDPzgkRwbTD+dApr6xubW8Xt0s7u3v5B+fCoreNUUdaisYhVNyCaCS5Zy3AjWDdRjESBYJ1gcp37nQemNI/lvZkmzI/ISPKQU2KsdBcO+KBcwW4d50CeixcEu9VVpQJLNAflj/4wpmnEpKGCaN3zcGL8jCjDqWCzUj/VLCF0QkasZ6kkEdN+Nj91hs6sMkRhrGxJg+bqz4mMRFpPo8B2RsSM9W8vF//yeqkJ637GZZIaJuliUZgKZGKU/42GXDFqxNQSQhW3tyI6JopQY9Mp2RC+f/+ftC9cr+bi22qlcbWMowgncArn4MElNOAGmtACCiN4hGd4cYTz5Lw6b4vWgrOcOYYVOO9fWY2N1w==</latexit>

fi

<latexit sha1_base64="/dLHy1sOTlCoxppgw17RTVtxXGY=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU9iIYo9FLx4r2g9oQ9lsN+nSzSbsboQS+hO8eFDEq7/Im//GTVvEij4YeLw3w8y8IBVcG4w/ndLK6tr6RnmzsrW9s7tX3T9o6yRTlLVoIhLVDYhmgkvWMtwI1k0VI3EgWCcYXxd+54EpzRN5byYp82MSSR5ySoyV7qIBH1Rr2K3jAshz8Zxg93xZqcECzUH1oz9MaBYzaaggWvc8nBo/J8pwKti00s80Swkdk4j1LJUkZtrPZ6dO0YlVhihMlC1p0Ez9OZGTWOtJHNjOmJiR/u0V4l9eLzNh3c+5TDPDJJ0vCjOBTIKKv9GQK0aNmFhCqOL2VkRHRBFqbDoVG8L37/+T9pnrXbj49rzWuFrEUYYjOIZT8OASGnADTWgBhQge4RleHOE8Oa/O27y15CxmDmEJzvsXWxON2A==</latexit>gi

<latexit sha1_base64="eF4+yfo5X99bZjIbD1gMYn/jnWI=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbB05KVFnssevFY0X5Au5Rsmm1Ds9klyQpl6U/w4kERr/4ib/4bs20RK/pg4PHeDDPzgkRwbTD+dApr6xubW8Xt0s7u3v5B+fCoreNUUdaisYhVNyCaCS5Zy3AjWDdRjESBYJ1gcp37nQemNI/lvZkmzI/ISPKQU2KsdDce8EG5gt06zoE8Fy8IdqurSgWWaA7KH/1hTNOISUMF0brn4cT4GVGGU8FmpX6qWULohIxYz1JJIqb9bH7qDJ1ZZYjCWNmSBs3VnxMZibSeRoHtjIgZ699eLv7l9VIT1v2MyyQ1TNLFojAVyMQo/xsNuWLUiKklhCpub0V0TBShxqZTsiF8//4/aV+4Xs3Ft9VK42oZRxFO4BTOwYNLaMANNKEFFEbwCM/w4gjnyXl13hatBWc5cwwrcN6/AFyZjdk=</latexit>

hi

<latexit sha1_base64="7iiwPbsEm0NtB+Ign5ZK16wCcKo=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbB05KVFnssevFY0X5Au5Rsmm1Ds9klyQpl6U/w4kERr/4ib/4bs20RK/pg4PHeDDPzgkRwbTD+dApr6xubW8Xt0s7u3v5B+fCoreNUUdaisYhVNyCaCS5Zy3AjWDdRjESBYJ1gcp37nQemNI/lvZkmzI/ISPKQU2KsdDcZ8EG5gt06zoE8Fy8IdqurSgWWaA7KH/1hTNOISUMF0brn4cT4GVGGU8FmpX6qWULohIxYz1JJIqb9bH7qDJ1ZZYjCWNmSBs3VnxMZibSeRoHtjIgZ699eLv7l9VIT1v2MyyQ1TNLFojAVyMQo/xsNuWLUiKklhCpub0V0TBShxqZTsiF8//4/aV+4Xs3Ft9VK42oZRxFO4BTOwYNLaMANNKEFFEbwCM/w4gjnyXl13hatBWc5cwwrcN6/AGErjdw=</latexit>

ki

just  
before



There is a prior cause for
every event.

<latexit sha1_base64="ARZqUUEhNxz1BzKixNPkdhvhNvU=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69BIvgKWxEsceiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jpi1iRR8MPN6bYWZemAquDSGfTmFldW19o7hZ2tre2d0r7x80dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji6zv3WAyrNE3lvxikGMR1IHnFGjZXusMd75QrxqiSH63tkToh3vqxUYIF6r/zR7Scsi1EaJqjWHZ+kJphQZTgTOC11M40pZSM6wI6lksaog8ns1Kl7YpW+GyXKljTuTP05MaGx1uM4tJ0xNUP928vFv7xOZqJqMOEyzQxKNl8UZcI1iZv/7fa5QmbE2BLKFLe3umxIFWXGplOyIXz//j9pnnn+hUduzyu1q0UcRTiCYzgFHy6hBjdQhwYwGMAjPMOLI5wn59V5m7cWnMXMISzBef8CWAeN1g==</latexit>ei

t=now

<latexit sha1_base64="ampTEanK+ETX4MTQYBJScbbyR5Q=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbB05KVFnssevFY0X5Au5Rsmm1Ds9klyQpl6U/w4kERr/4ib/4bs20RK/pg4PHeDDPzgkRwbTD+dApr6xubW8Xt0s7u3v5B+fCoreNUUdaisYhVNyCaCS5Zy3AjWDdRjESBYJ1gcp37nQemNI/lvZkmzI/ISPKQU2KsdBcO+KBcwW4d50CeixcEu9VVpQJLNAflj/4wpmnEpKGCaN3zcGL8jCjDqWCzUj/VLCF0QkasZ6kkEdN+Nj91hs6sMkRhrGxJg+bqz4mMRFpPo8B2RsSM9W8vF//yeqkJ637GZZIaJuliUZgKZGKU/42GXDFqxNQSQhW3tyI6JopQY9Mp2RC+f/+ftC9cr+bi22qlcbWMowgncArn4MElNOAGmtACCiN4hGd4cYTz5Lw6b4vWgrOcOYYVOO9fWY2N1w==</latexit>

fi

<latexit sha1_base64="/dLHy1sOTlCoxppgw17RTVtxXGY=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU9iIYo9FLx4r2g9oQ9lsN+nSzSbsboQS+hO8eFDEq7/Im//GTVvEij4YeLw3w8y8IBVcG4w/ndLK6tr6RnmzsrW9s7tX3T9o6yRTlLVoIhLVDYhmgkvWMtwI1k0VI3EgWCcYXxd+54EpzRN5byYp82MSSR5ySoyV7qIBH1Rr2K3jAshz8Zxg93xZqcECzUH1oz9MaBYzaaggWvc8nBo/J8pwKti00s80Swkdk4j1LJUkZtrPZ6dO0YlVhihMlC1p0Ez9OZGTWOtJHNjOmJiR/u0V4l9eLzNh3c+5TDPDJJ0vCjOBTIKKv9GQK0aNmFhCqOL2VkRHRBFqbDoVG8L37/+T9pnrXbj49rzWuFrEUYYjOIZT8OASGnADTWgBhQge4RleHOE8Oa/O27y15CxmDmEJzvsXWxON2A==</latexit>gi

<latexit sha1_base64="eF4+yfo5X99bZjIbD1gMYn/jnWI=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbB05KVFnssevFY0X5Au5Rsmm1Ds9klyQpl6U/w4kERr/4ib/4bs20RK/pg4PHeDDPzgkRwbTD+dApr6xubW8Xt0s7u3v5B+fCoreNUUdaisYhVNyCaCS5Zy3AjWDdRjESBYJ1gcp37nQemNI/lvZkmzI/ISPKQU2KsdDce8EG5gt06zoE8Fy8IdqurSgWWaA7KH/1hTNOISUMF0brn4cT4GVGGU8FmpX6qWULohIxYz1JJIqb9bH7qDJ1ZZYjCWNmSBs3VnxMZibSeRoHtjIgZ699eLv7l9VIT1v2MyyQ1TNLFojAVyMQo/xsNuWLUiKklhCpub0V0TBShxqZTsiF8//4/aV+4Xs3Ft9VK42oZRxFO4BTOwYNLaMANNKEFFEbwCM/w4gjnyXl13hatBWc5cwwrcN6/AFyZjdk=</latexit>

hi

<latexit sha1_base64="7iiwPbsEm0NtB+Ign5ZK16wCcKo=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbB05KVFnssevFY0X5Au5Rsmm1Ds9klyQpl6U/w4kERr/4ib/4bs20RK/pg4PHeDDPzgkRwbTD+dApr6xubW8Xt0s7u3v5B+fCoreNUUdaisYhVNyCaCS5Zy3AjWDdRjESBYJ1gcp37nQemNI/lvZkmzI/ISPKQU2KsdDcZ8EG5gt06zoE8Fy8IdqurSgWWaA7KH/1hTNOISUMF0brn4cT4GVGGU8FmpX6qWULohIxYz1JJIqb9bH7qDJ1ZZYjCWNmSBs3VnxMZibSeRoHtjIgZ699eLv7l9VIT1v2MyyQ1TNLFojAVyMQo/xsNuWLUiKklhCpub0V0TBShxqZTsiF8//4/aV+4Xs3Ft9VK42oZRxFO4BTOwYNLaMANNKEFFEbwCM/w4gjnyXl13hatBWc5cwwrcN6/AGErjdw=</latexit>

ki

just  
before

<latexit sha1_base64="C+TlwKswa/GuKAiGvf1izYq8G+M=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBC8uMxKxByDXjxGMA9IljA76SRDZh/MzAphyUd48aCIV7/Hm3/jbBLEiBY0FFXddHcFiRTaUPrprKyurW9sFraK2zu7e/ulg8OmjlPFscFjGat2wDRKEWHDCCOxnShkYSCxFYxvcr/1gEqLOLo3kwT9kA0jMRCcGSu1sJeJc2/aK5WpW6U5iOfSOaFuZVkpwwL1Xumj2495GmJkuGRadzyaGD9jyggucVrsphoTxsdsiB1LIxai9rPZuVNyapU+GcTKVmTITP05kbFQ60kY2M6QmZH+7eXiX14nNYOqn4koSQ1GfL5okEpiYpL/TvpCITdyYgnjSthbCR8xxbixCRVtCN+//0+aF6536dK7Srl2vYijAMdwAmfgwRXU4Bbq0AAOY3iEZ3hxEufJeXXe5q0rzmLmCJbgvH8B+OuPVA==</latexit>ei�1

<latexit sha1_base64="Ck5cnOsA+cbYzxo1gis6PZ7sof4=">AAAB7nicdVBNSwMxEJ2tX7V+VT16CRbBi0tWWuyx6MVjBfsB7VKyabYNzWaXJCuUpT/CiwdFvPp7vPlvzLZFrOiDgcd7M8zMCxLBtcH40ymsrW9sbhW3Szu7e/sH5cOjto5TRVmLxiJW3YBoJrhkLcONYN1EMRIFgnWCyU3udx6Y0jyW92aaMD8iI8lDTomxUmc0yPiFNxuUK9it4xzIc/GCYLe6qlRgieag/NEfxjSNmDRUEK17Hk6MnxFlOBVsVuqnmiWETsiI9SyVJGLaz+bnztCZVYYojJUtadBc/TmRkUjraRTYzoiYsf7t5eJfXi81Yd3PuExSwyRdLApTgUyM8t/RkCtGjZhaQqji9lZEx0QRamxCJRvC9+//k/al69VcfFetNK6XcRThBE7hHDy4ggbcQhNaQGECj/AML07iPDmvztuiteAsZ45hBc77F/v/j1Y=</latexit>gi�1

<latexit sha1_base64="XqEXjV6rWdyRYI3vhD6W+yU5o2M=">AAAB7nicdVBNSwMxEJ2tX7V+VT16CRbBi0tWWuyx6MVjBfsB7VKyabYNzWaXJCuUpT/CiwdFvPp7vPlvzLZFrOiDgcd7M8zMCxLBtcH40ymsrW9sbhW3Szu7e/sH5cOjto5TRVmLxiJW3YBoJrhkLcONYN1EMRIFgnWCyU3udx6Y0jyW92aaMD8iI8lDTomxUmc8yPiFNxuUK9it4xzIc/GCYLe6qlRgieag/NEfxjSNmDRUEK17Hk6MnxFlOBVsVuqnmiWETsiI9SyVJGLaz+bnztCZVYYojJUtadBc/TmRkUjraRTYzoiYsf7t5eJfXi81Yd3PuExSwyRdLApTgUyM8t/RkCtGjZhaQqji9lZEx0QRamxCJRvC9+//k/al69VcfFetNK6XcRThBE7hHDy4ggbcQhNaQGECj/AML07iPDmvztuiteAsZ45hBc77F/2Jj1c=</latexit>

hi�1



There is a prior cause for
every event.

<latexit sha1_base64="ARZqUUEhNxz1BzKixNPkdhvhNvU=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69BIvgKWxEsceiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jpi1iRR8MPN6bYWZemAquDSGfTmFldW19o7hZ2tre2d0r7x80dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji6zv3WAyrNE3lvxikGMR1IHnFGjZXusMd75QrxqiSH63tkToh3vqxUYIF6r/zR7Scsi1EaJqjWHZ+kJphQZTgTOC11M40pZSM6wI6lksaog8ns1Kl7YpW+GyXKljTuTP05MaGx1uM4tJ0xNUP928vFv7xOZqJqMOEyzQxKNl8UZcI1iZv/7fa5QmbE2BLKFLe3umxIFWXGplOyIXz//j9pnnn+hUduzyu1q0UcRTiCYzgFHy6hBjdQhwYwGMAjPMOLI5wn59V5m7cWnMXMISzBef8CWAeN1g==</latexit>ei

t=now

<latexit sha1_base64="ampTEanK+ETX4MTQYBJScbbyR5Q=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbB05KVFnssevFY0X5Au5Rsmm1Ds9klyQpl6U/w4kERr/4ib/4bs20RK/pg4PHeDDPzgkRwbTD+dApr6xubW8Xt0s7u3v5B+fCoreNUUdaisYhVNyCaCS5Zy3AjWDdRjESBYJ1gcp37nQemNI/lvZkmzI/ISPKQU2KsdBcO+KBcwW4d50CeixcEu9VVpQJLNAflj/4wpmnEpKGCaN3zcGL8jCjDqWCzUj/VLCF0QkasZ6kkEdN+Nj91hs6sMkRhrGxJg+bqz4mMRFpPo8B2RsSM9W8vF//yeqkJ637GZZIaJuliUZgKZGKU/42GXDFqxNQSQhW3tyI6JopQY9Mp2RC+f/+ftC9cr+bi22qlcbWMowgncArn4MElNOAGmtACCiN4hGd4cYTz5Lw6b4vWgrOcOYYVOO9fWY2N1w==</latexit>

fi

<latexit sha1_base64="/dLHy1sOTlCoxppgw17RTVtxXGY=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU9iIYo9FLx4r2g9oQ9lsN+nSzSbsboQS+hO8eFDEq7/Im//GTVvEij4YeLw3w8y8IBVcG4w/ndLK6tr6RnmzsrW9s7tX3T9o6yRTlLVoIhLVDYhmgkvWMtwI1k0VI3EgWCcYXxd+54EpzRN5byYp82MSSR5ySoyV7qIBH1Rr2K3jAshz8Zxg93xZqcECzUH1oz9MaBYzaaggWvc8nBo/J8pwKti00s80Swkdk4j1LJUkZtrPZ6dO0YlVhihMlC1p0Ez9OZGTWOtJHNjOmJiR/u0V4l9eLzNh3c+5TDPDJJ0vCjOBTIKKv9GQK0aNmFhCqOL2VkRHRBFqbDoVG8L37/+T9pnrXbj49rzWuFrEUYYjOIZT8OASGnADTWgBhQge4RleHOE8Oa/O27y15CxmDmEJzvsXWxON2A==</latexit>gi

<latexit sha1_base64="eF4+yfo5X99bZjIbD1gMYn/jnWI=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbB05KVFnssevFY0X5Au5Rsmm1Ds9klyQpl6U/w4kERr/4ib/4bs20RK/pg4PHeDDPzgkRwbTD+dApr6xubW8Xt0s7u3v5B+fCoreNUUdaisYhVNyCaCS5Zy3AjWDdRjESBYJ1gcp37nQemNI/lvZkmzI/ISPKQU2KsdDce8EG5gt06zoE8Fy8IdqurSgWWaA7KH/1hTNOISUMF0brn4cT4GVGGU8FmpX6qWULohIxYz1JJIqb9bH7qDJ1ZZYjCWNmSBs3VnxMZibSeRoHtjIgZ699eLv7l9VIT1v2MyyQ1TNLFojAVyMQo/xsNuWLUiKklhCpub0V0TBShxqZTsiF8//4/aV+4Xs3Ft9VK42oZRxFO4BTOwYNLaMANNKEFFEbwCM/w4gjnyXl13hatBWc5cwwrcN6/AFyZjdk=</latexit>

hi

<latexit sha1_base64="7iiwPbsEm0NtB+Ign5ZK16wCcKo=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbB05KVFnssevFY0X5Au5Rsmm1Ds9klyQpl6U/w4kERr/4ib/4bs20RK/pg4PHeDDPzgkRwbTD+dApr6xubW8Xt0s7u3v5B+fCoreNUUdaisYhVNyCaCS5Zy3AjWDdRjESBYJ1gcp37nQemNI/lvZkmzI/ISPKQU2KsdDcZ8EG5gt06zoE8Fy8IdqurSgWWaA7KH/1hTNOISUMF0brn4cT4GVGGU8FmpX6qWULohIxYz1JJIqb9bH7qDJ1ZZYjCWNmSBs3VnxMZibSeRoHtjIgZ699eLv7l9VIT1v2MyyQ1TNLFojAVyMQo/xsNuWLUiKklhCpub0V0TBShxqZTsiF8//4/aV+4Xs3Ft9VK42oZRxFO4BTOwYNLaMANNKEFFEbwCM/w4gjnyXl13hatBWc5cwwrcN6/AGErjdw=</latexit>

ki

just  
before

<latexit sha1_base64="C+TlwKswa/GuKAiGvf1izYq8G+M=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBC8uMxKxByDXjxGMA9IljA76SRDZh/MzAphyUd48aCIV7/Hm3/jbBLEiBY0FFXddHcFiRTaUPrprKyurW9sFraK2zu7e/ulg8OmjlPFscFjGat2wDRKEWHDCCOxnShkYSCxFYxvcr/1gEqLOLo3kwT9kA0jMRCcGSu1sJeJc2/aK5WpW6U5iOfSOaFuZVkpwwL1Xumj2495GmJkuGRadzyaGD9jyggucVrsphoTxsdsiB1LIxai9rPZuVNyapU+GcTKVmTITP05kbFQ60kY2M6QmZH+7eXiX14nNYOqn4koSQ1GfL5okEpiYpL/TvpCITdyYgnjSthbCR8xxbixCRVtCN+//0+aF6536dK7Srl2vYijAMdwAmfgwRXU4Bbq0AAOY3iEZ3hxEufJeXXe5q0rzmLmCJbgvH8B+OuPVA==</latexit>ei�1

<latexit sha1_base64="Ck5cnOsA+cbYzxo1gis6PZ7sof4=">AAAB7nicdVBNSwMxEJ2tX7V+VT16CRbBi0tWWuyx6MVjBfsB7VKyabYNzWaXJCuUpT/CiwdFvPp7vPlvzLZFrOiDgcd7M8zMCxLBtcH40ymsrW9sbhW3Szu7e/sH5cOjto5TRVmLxiJW3YBoJrhkLcONYN1EMRIFgnWCyU3udx6Y0jyW92aaMD8iI8lDTomxUmc0yPiFNxuUK9it4xzIc/GCYLe6qlRgieag/NEfxjSNmDRUEK17Hk6MnxFlOBVsVuqnmiWETsiI9SyVJGLaz+bnztCZVYYojJUtadBc/TmRkUjraRTYzoiYsf7t5eJfXi81Yd3PuExSwyRdLApTgUyM8t/RkCtGjZhaQqji9lZEx0QRamxCJRvC9+//k/al69VcfFetNK6XcRThBE7hHDy4ggbcQhNaQGECj/AML07iPDmvztuiteAsZ45hBc77F/v/j1Y=</latexit>gi�1

<latexit sha1_base64="XqEXjV6rWdyRYI3vhD6W+yU5o2M=">AAAB7nicdVBNSwMxEJ2tX7V+VT16CRbBi0tWWuyx6MVjBfsB7VKyabYNzWaXJCuUpT/CiwdFvPp7vPlvzLZFrOiDgcd7M8zMCxLBtcH40ymsrW9sbhW3Szu7e/sH5cOjto5TRVmLxiJW3YBoJrhkLcONYN1EMRIFgnWCyU3udx6Y0jyW92aaMD8iI8lDTomxUmc8yPiFNxuUK9it4xzIc/GCYLe6qlRgieag/NEfxjSNmDRUEK17Hk6MnxFlOBVsVuqnmiWETsiI9SyVJGLaz+bnztCZVYYojJUtadBc/TmRkUjraRTYzoiYsf7t5eJfXi81Yd3PuExSwyRdLApTgUyM8t/RkCtGjZhaQqji9lZEx0QRamxCJRvC9+//k/al69VcfFetNK6XcRThBE7hHDy4ggbcQhNaQGECj/AML07iPDmvztuiteAsZ45hBc77F/2Jj1c=</latexit>

hi�1

All the way  
back to the 
Big Bang



https://www.throwballkerala.com/

<latexit sha1_base64="w9dM50GbwwdQmm37TwU1CdSNey4=">AAAB+3icdVDLSsNAFJ3UV62vWJdugkVwY5hKxW6EohuXFewD2lAmk0k7dPJg5qa0hPyKGxeKuPVH3Pk3TtoiVvTAhcM593LvPW4suAKMP43C2vrG5lZxu7Szu7d/YB6W2ypKJGUtGolIdl2imOAhawEHwbqxZCRwBeu449vc70yYVDwKH2AWMycgw5D7nBLQ0sAs931JaOpNs9SD7HpyPoSBWcF2HeewqjZeEGzXVpUKWqI5MD/6XkSTgIVABVGqV8UxOCmRwKlgWamfKBYTOiZD1tM0JAFTTjq/PbNOteJZfiR1hWDN1Z8TKQmUmgWu7gwIjNRvLxf/8noJ+HUn5WGcAAvpYpGfCAsiKw/C8rhkFMRME0Il17dadER0GKDjKukQvn//n7Qv7Oqlje9rlcbNMo4iOkYn6AxV0RVqoDvURC1E0RQ9omf0YmTGk/FqvC1aC8Zy5gitwHj/ApEulMc=</latexit>

dx

dt
= v � gt

The law of cause and effect makes the ball’s trajectory
predictable* and totally explicable:
As Newton said - 
         every force has an equal and opposite reaction.

* (As long as you know the initial conditions)



https://www.whitedoverelease.com/

?

…But try throwing  
       a live bird…

… and physics completely 
fails to explain what  
happens next.



Life seems to display agent causation
with no prior cause.

<latexit sha1_base64="ARZqUUEhNxz1BzKixNPkdhvhNvU=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69BIvgKWxEsceiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jpi1iRR8MPN6bYWZemAquDSGfTmFldW19o7hZ2tre2d0r7x80dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji6zv3WAyrNE3lvxikGMR1IHnFGjZXusMd75QrxqiSH63tkToh3vqxUYIF6r/zR7Scsi1EaJqjWHZ+kJphQZTgTOC11M40pZSM6wI6lksaog8ns1Kl7YpW+GyXKljTuTP05MaGx1uM4tJ0xNUP928vFv7xOZqJqMOEyzQxKNl8UZcI1iZv/7fa5QmbE2BLKFLe3umxIFWXGplOyIXz//j9pnnn+hUduzyu1q0UcRTiCYzgFHy6hBjdQhwYwGMAjPMOLI5wn59V5m7cWnMXMISzBef8CWAeN1g==</latexit>ei

t=now

<latexit sha1_base64="ampTEanK+ETX4MTQYBJScbbyR5Q=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbB05KVFnssevFY0X5Au5Rsmm1Ds9klyQpl6U/w4kERr/4ib/4bs20RK/pg4PHeDDPzgkRwbTD+dApr6xubW8Xt0s7u3v5B+fCoreNUUdaisYhVNyCaCS5Zy3AjWDdRjESBYJ1gcp37nQemNI/lvZkmzI/ISPKQU2KsdBcO+KBcwW4d50CeixcEu9VVpQJLNAflj/4wpmnEpKGCaN3zcGL8jCjDqWCzUj/VLCF0QkasZ6kkEdN+Nj91hs6sMkRhrGxJg+bqz4mMRFpPo8B2RsSM9W8vF//yeqkJ637GZZIaJuliUZgKZGKU/42GXDFqxNQSQhW3tyI6JopQY9Mp2RC+f/+ftC9cr+bi22qlcbWMowgncArn4MElNOAGmtACCiN4hGd4cYTz5Lw6b4vWgrOcOYYVOO9fWY2N1w==</latexit>

fi

<latexit sha1_base64="/dLHy1sOTlCoxppgw17RTVtxXGY=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU9iIYo9FLx4r2g9oQ9lsN+nSzSbsboQS+hO8eFDEq7/Im//GTVvEij4YeLw3w8y8IBVcG4w/ndLK6tr6RnmzsrW9s7tX3T9o6yRTlLVoIhLVDYhmgkvWMtwI1k0VI3EgWCcYXxd+54EpzRN5byYp82MSSR5ySoyV7qIBH1Rr2K3jAshz8Zxg93xZqcECzUH1oz9MaBYzaaggWvc8nBo/J8pwKti00s80Swkdk4j1LJUkZtrPZ6dO0YlVhihMlC1p0Ez9OZGTWOtJHNjOmJiR/u0V4l9eLzNh3c+5TDPDJJ0vCjOBTIKKv9GQK0aNmFhCqOL2VkRHRBFqbDoVG8L37/+T9pnrXbj49rzWuFrEUYYjOIZT8OASGnADTWgBhQge4RleHOE8Oa/O27y15CxmDmEJzvsXWxON2A==</latexit>gi

<latexit sha1_base64="eF4+yfo5X99bZjIbD1gMYn/jnWI=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbB05KVFnssevFY0X5Au5Rsmm1Ds9klyQpl6U/w4kERr/4ib/4bs20RK/pg4PHeDDPzgkRwbTD+dApr6xubW8Xt0s7u3v5B+fCoreNUUdaisYhVNyCaCS5Zy3AjWDdRjESBYJ1gcp37nQemNI/lvZkmzI/ISPKQU2KsdDce8EG5gt06zoE8Fy8IdqurSgWWaA7KH/1hTNOISUMF0brn4cT4GVGGU8FmpX6qWULohIxYz1JJIqb9bH7qDJ1ZZYjCWNmSBs3VnxMZibSeRoHtjIgZ699eLv7l9VIT1v2MyyQ1TNLFojAVyMQo/xsNuWLUiKklhCpub0V0TBShxqZTsiF8//4/aV+4Xs3Ft9VK42oZRxFO4BTOwYNLaMANNKEFFEbwCM/w4gjnyXl13hatBWc5cwwrcN6/AFyZjdk=</latexit>

hi

<latexit sha1_base64="7iiwPbsEm0NtB+Ign5ZK16wCcKo=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbB05KVFnssevFY0X5Au5Rsmm1Ds9klyQpl6U/w4kERr/4ib/4bs20RK/pg4PHeDDPzgkRwbTD+dApr6xubW8Xt0s7u3v5B+fCoreNUUdaisYhVNyCaCS5Zy3AjWDdRjESBYJ1gcp37nQemNI/lvZkmzI/ISPKQU2KsdDcZ8EG5gt06zoE8Fy8IdqurSgWWaA7KH/1hTNOISUMF0brn4cT4GVGGU8FmpX6qWULohIxYz1JJIqb9bH7qDJ1ZZYjCWNmSBs3VnxMZibSeRoHtjIgZ699eLv7l9VIT1v2MyyQ1TNLFojAVyMQo/xsNuWLUiKklhCpub0V0TBShxqZTsiF8//4/aV+4Xs3Ft9VK42oZRxFO4BTOwYNLaMANNKEFFEbwCM/w4gjnyXl13hatBWc5cwwrcN6/AGErjdw=</latexit>

ki

just  
before

<latexit sha1_base64="C+TlwKswa/GuKAiGvf1izYq8G+M=">AAAB7nicdVDLSgNBEOz1GeMr6tHLYBC8uMxKxByDXjxGMA9IljA76SRDZh/MzAphyUd48aCIV7/Hm3/jbBLEiBY0FFXddHcFiRTaUPrprKyurW9sFraK2zu7e/ulg8OmjlPFscFjGat2wDRKEWHDCCOxnShkYSCxFYxvcr/1gEqLOLo3kwT9kA0jMRCcGSu1sJeJc2/aK5WpW6U5iOfSOaFuZVkpwwL1Xumj2495GmJkuGRadzyaGD9jyggucVrsphoTxsdsiB1LIxai9rPZuVNyapU+GcTKVmTITP05kbFQ60kY2M6QmZH+7eXiX14nNYOqn4koSQ1GfL5okEpiYpL/TvpCITdyYgnjSthbCR8xxbixCRVtCN+//0+aF6536dK7Srl2vYijAMdwAmfgwRXU4Bbq0AAOY3iEZ3hxEufJeXXe5q0rzmLmCJbgvH8B+OuPVA==</latexit>ei�1

<latexit sha1_base64="Ck5cnOsA+cbYzxo1gis6PZ7sof4=">AAAB7nicdVBNSwMxEJ2tX7V+VT16CRbBi0tWWuyx6MVjBfsB7VKyabYNzWaXJCuUpT/CiwdFvPp7vPlvzLZFrOiDgcd7M8zMCxLBtcH40ymsrW9sbhW3Szu7e/sH5cOjto5TRVmLxiJW3YBoJrhkLcONYN1EMRIFgnWCyU3udx6Y0jyW92aaMD8iI8lDTomxUmc0yPiFNxuUK9it4xzIc/GCYLe6qlRgieag/NEfxjSNmDRUEK17Hk6MnxFlOBVsVuqnmiWETsiI9SyVJGLaz+bnztCZVYYojJUtadBc/TmRkUjraRTYzoiYsf7t5eJfXi81Yd3PuExSwyRdLApTgUyM8t/RkCtGjZhaQqji9lZEx0QRamxCJRvC9+//k/al69VcfFetNK6XcRThBE7hHDy4ggbcQhNaQGECj/AML07iPDmvztuiteAsZ45hBc77F/v/j1Y=</latexit>gi�1

<latexit sha1_base64="XqEXjV6rWdyRYI3vhD6W+yU5o2M=">AAAB7nicdVBNSwMxEJ2tX7V+VT16CRbBi0tWWuyx6MVjBfsB7VKyabYNzWaXJCuUpT/CiwdFvPp7vPlvzLZFrOiDgcd7M8zMCxLBtcH40ymsrW9sbhW3Szu7e/sH5cOjto5TRVmLxiJW3YBoJrhkLcONYN1EMRIFgnWCyU3udx6Y0jyW92aaMD8iI8lDTomxUmc8yPiFNxuUK9it4xzIc/GCYLe6qlRgieag/NEfxjSNmDRUEK17Hk6MnxFlOBVsVuqnmiWETsiI9SyVJGLaz+bnztCZVYYojJUtadBc/TmRkUjraRTYzoiYsf7t5eJfXi81Yd3PuExSwyRdLApTgUyM8t/RkCtGjZhaQqji9lZEx0QRamxCJRvC9+//k/al69VcfFetNK6XcRThBE7hHDy4ggbcQhNaQGECj/AML07iPDmvztuiteAsZ45hBc77F/2Jj1c=</latexit>

hi�1

All the way  
back to the 
Big Bang



Autonomy effectively means the introduction
of a new cause from within. 

a normal causal chain

an autonomous agent in the chain

where does this 
cause come from?



Nutrients

Amino acids
& Nucleic acids

Metabolic Enzymes

Polypeptides
& RNA
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Material transformation
(material cause)

Catalysis
(efficient cause)

Cell

Closure to Efficient 
Causation in the cell.

(Every cause is caused by 
every other cause).Diagram from:

Farnsworth, 2021. Biosystems 200, 104324

Based on Hofmeyr, 2017.

+ RNA Polymerase etc.



Open Processes

Control Signal

Transducer

Set Point+/-
Perception Signal

Actuator

Boundary

Circular causation allows cybernetic independence 
based on homeostatic set-points (internalised information).



Nesting set points creates cybernetic flexibility



Constitutional
Independence

Cybernetic
Independence

Cybernetic
Freedom

How biological autonomy is constructed

circular  
causation

set-points 
embodied

nested control 
of set-points



Internal/External

 Control

Auto/Hetero-

     Manufacture

Adaptation/Fixation

of Control

Cybernetic 
Independence

Constitutional
Independence

Cybernetic 
Freedom

I d e n t i t y

Autonomy

Diagram from:
Farnsworth, 2022. whatlifeis.info

http://whatlifeis.info


Skinner Box

Cause
Effect

Behaviorists believe in a direct causal connection.

Black Box

Input
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Output

Stimulus Response



The Automaton
Maillardet’s automaton, 
Franklin Institute, Philadelphia 

Toothed wheels embody information in their form,
which controls the behaviour of the automaton. 

Automata?



E. Coli
http://www.socmucimm.org/

C. Elegans

Protozoan Stentor.
Temple University (www.studyblue.com) 

Automatons:
behaviour is under 
algorithmic control, 
          “hard wired”.



Definitely not an automaton
Cats do just as they please 

and it’s rarely predictable

But why are they not just 
running a very complicated 
algorithm?

The answer is that there is no
necessary connection between
input (stimulus) and output
(response). 

A cat is not a black box.



Vienna Drosophila Resource Center (VDRC) | VBCF

Drosophila Melanogaster 

http://true-wildlife.blogspot.com/2011/02/hermit-crab.html

hermit crab (~800  spp.)

But what about these? 
Melanogaster Neivamyrmex  

Phil Hönle

https://blog.myrmecologicalnews.org/2019/06/06/phil-hoenle/


-

-

G1G2

S1

S2

E1

E2

A1

A2~

~
a

-

-

G1
G2

S1

S2

E1

E2

A1

A2

~

~

b

S

G -

E

A∑

c

-

-

G2

S1

S2

E1

E2

A1

A2~

~

d

-S3
E3

A3~

∑
W

G1

G3

GW

Farnsworth & Elwood 2023, Animal Cognition



-

-

G1G2

S1

S2

E1

E2

A1

A2~

~

threshold switch 
(e.g. neuron)

comparator 
(a few neurons)

afferent (sense) signal actuator (e.g. muscle)

homeostatic set-points

Simple reactive action-selection system

Can be implemented in biochemical networks
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Reactive action-selection system…

mutual inhibition of actions  
based on strength of error signals

with mutual control over set-points to effect trade-off decision-making

eat

escape
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Reactive action-selection system with common currency

As well as more complicated mutual inhibition,  
this sums error signals to create an overall ‘arousal’ signal 
that affects all the action thresholds simultaneously.

eat

escape

sleep



-

-

G2

S1

S2

E1

E2

A1

A2~

~

-S3
E3

A3~

∑
W

G1

G3

GW

eat

escape

sleep

As well as more complicated mutual inhibition,  
this sums error signals to create an overall ‘arousal’ signal 
that affects all the action thresholds simultaneously.

Reactive action-selection system with common currency



Control Signal

Generator

System

under control

Forward Model

Efferent duplicate

(Control) Efferent signal

-

-
Goal signal

A

Feed Back

(error in expected afferent)

E

Expected 
Afferent

A feed-forward control system for anticipation

‘Spot’ the robot dog, by Boston Dynamics, out for a run.  
It used Feed-forward servo control in the legs to enable it  
to walk and run like a dog. 

Proprioception

Efferent



Action 1

Generator

Forward Model 1

(Control) Efferent signal

Forward Model 2

Action 2

Generator

A1

A2

Appraisal signal

S1~

A feed-forward predictive action selection system

Multiple forward models output an  
appraisal signal in a universal hedonic  
currency enabling choices to be made.

Afferent

There is no longer a direct link between 
input and output.  We have true autonomy.



Friston et al. 2017. The graphical brain: Belief propagation and active inference. Network Neuroscience, 1, 381–414.

One leading hypothesis about how it is done:
Active inference (a model of the self)

Uses hidden Markov model implemented in a neural network

Karl Friston



Need Motivation Action
maintain 

homeostasis
pain select pain

reducing behaviour 

What the control system tries to do

Sketches by Dani Long published on DeviantArt.com

and how self-modelling helps

Present state Action predicted
to give best
future stateSelf-model of future states

under each possible action 

Q1 Q2

Q3 Q4

Q1Q



The Q-state
exactly what it is like to be the system in 
a particular state. 

An integrative 
summary of the 
state, suitable for  
evaluation.

Vecteeze. Annet Debar

Neural network in one of  
billions of possible states



A1

A2

R1

R2

Somatic / 

Hormone

system

Self-model

in 


Q state

S~ -

M
G

Multi-channel 

Bayesian update

Affect modulation

E

 Farnsworth & Elwood 2023, Animal Cognition (under review)

Anticipatory Behavioural Autonomy system

Adding the hormones 
gives the Q-state  
emotional content 
for evaluation. Response generators

Actions are selected based on  
what it feels like to do them.



Empirical Evidence for
Anticipatory Behavioural Autonomy



Pain should elicit persistent changes of behaviour 
through modulation of action selection  

• changed shell preference in hermit crabs 
• anxiety-like states in fish and amphibians
• conditioned place avoidance (crabs fish and octopus)

1

2,3
4,5,6

1 Appel & Elwood, 2009 4 Magee & Elwood, 2009

5 Crook, 20212 de Abreau et al., 2020

3 Brown et al., 2013 6 Milsop and Laming, 2008



Evidence for ABA in animals.

1) Models of the self / environment 
       with hedonic signal output. 

2) Flexibility in behavioural responses to stimuli 
(showing that options are available). 

3) Proactive choice and forward planning (actions based 
on anticipated consequences).

4) Free choice of response to noxious stimuli (shown by 
e.g. state-dependent trade-offs). 

(Anticipatory Behavioural Autonomy)



     alcoholic Drosophila 
trade-off booze 
for sexual stimulation.

hedonic 
universal signal



Individual differences (temperament) indicate
possible behavioural flexibility.

Appel & Elwood, 2009

But cuttlefish have been shown
to modulate their response to 
different prey offerings in a way
described as 
“an emotion-like state”

Chung et al., 2022

behavioural flexibility anticipation



Millsop and Laming 2008.

Goldfish more often visited 

and spent more time in the

‘feed and shock zone’, the

longer they were fasted.  

hedonic universal signal

behavioural flexibility

state-dependent trade-off



Mangrove killifish perceive their own fighting 
ability  

and “adjust contest strategy when that 
perception is updated following wins or losses”.  

Kryptolebias marmoratus
Earley et al., 2013.

“Winner and loser effects are modulated by hormonal states”. 

these fish show all 4 expected features of ABA 

hedonic universal signal behavioural flexibility

state-dependent trade-offanticipation



The idea that pain is a motivational command 
and therefore should be available to any animal
with an ABA system is gaining empirical support.

But it is still incomplete, especially among 
invertebrates, where pain remains contentious.

We need more targeted empirical studies now.

This stuff matters…

(anticipatory behavioural autonomy)



Animal Welfare (Sentience) Act 2022
(applies to 

(a) any vertebrate other than homo sapiens,

(b) any cephalopod mollusc, and

(c) any decapod crustacean.

In 2017, then Environment Secretary promised to keep animal
sentience as a principle in UK law.

Following Brexit, it has been 
incorporated as the responsibility of

an oversight committee



Thanks from all of us. 

Prof. Bob Elwood


