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1. Overview 
A major goal of WP1 is to test if and how different brain areas of the frontoparietal reach network in non-
human primates (NHP) neurally represent planned sequences of actions. If a late element in sequence ABC 
of actions, e.g. action C, can be decoded from the neural activity prior or during execution of the sequence, 
then this information could be used towards proactive control of actuated devices, e.g. different active 
elements in a smart house. We addressed this idea in two different ways, both inspired by typical everyday 
behavioral patterns in home environments (figure 1). 

In the first approach, the walk-and-reach task, we envisioned a scenario in which a forearm movement 
(reach, action C) is preceded by a translocation of the agent (walk, action B) to bring the device to be operated 
within immediate reach of the agent, like walking towards a wall for switching the light switch (figure 1A). 
With this, we answered the open research question if reach goals are encoded in the cortical motor planning 
areas while they are still out of immediate reach (i.e. prior (A) or during (B) walk). We further asked in how 
far walk-and-reach goals are encoded invariant of deviations in the walking path (ABxC). 

 

Figure 1: Real-life interaction and its translation to the Smart Cage.  A left: real-life example of activating a light by 
touching it; right: animal K performing the ‘walk-and-reach’ task and therefore activating the target light by touching 
the correct one. B left: real-life example of a rotating cabinet with two compartments: upper and lower; right: B PRIME, 
our rotating device that allows the animals to interact with providing the two compartments (upper and lower) as well. 

In the second approach, the proactive sequential action selection task (PSAS), we envisioned a scenario in 
which arm movements, e.g. re-orientation of a device (rotation, action B), is followed by another arm 
movement, e.g. collecting an item from within the device (reach, action C), like opening a rotational cabinet 
for picking something from an upper or lower shelf inside (figure 1B). Action B and C in the PSAS task were 
instructed either sequentially (instruction for action C after execution of action B) or “proactively” (both 
actions instructed during action A), to experimentally control the proactive planability of action C and 
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investigate its neural correlates. We first implemented and recorded the PSAS task in a touch-screen version 
(PSAS-touch). In parallel, we developed a novel haptic interactive device (B-Prime) to mimic household like 
cabinets in a monkey-compatible way and integrated this device with a PSAS-B-Prime task in our reach cage, 
to study proactive action planning in the freely moving animal.  

In tight collaboration with UGOE (leader of WP2), we exchanged our data and UGOE performed the decoding 
analyses on the PSAS data presented below. 

2. Motor goal encoding in a walk-and-reach task 

2.1. Wireless recording of single unit activity from six arrays in three brain areas simulateneously 
During the first reporting period, we had set up a wireless recording system within a novel experimental 
environment to allow unique behavioral and neural recording in freely moving NHPs. This Reach Cage 
environment allows the animal to sit at a specific location, initiate and conduct experimental trials in a self-
determined fashion. As part of each experimental trial, one of eight touch targets is briefly flashed. The 
targets are distributed in space, with four targets being within immediate reach in front and above the animal 
(NEAR) and four being about 1.5m away (FAR). The flashed touch target marks a behavioral cue indicating to 
the animal towards where it is supposed to relocate and contact the touch target. The movement itself is 
requested to happen only after a go cue (an external light changing color), i.e., after an instructed delay 
period. This so-called memory-guided task design ensures movement planning prior to movement initiation 
and allows us to study the neural basis of this type of planning. The animal then either directly reaches (in 
case of NEAR targets) or walks and reaches (FAR target) to touch the remembered target. This basic design 
follows the idea that we want to decode a planned movement from the brain activity of a subject moving 
through a defined space with a discrete set of possible action to be conducted.  

The free movements of the animal mandate wireless technology for neural recordings, which up until today 
is a technological challenge at the required bandwidth. Since we aim for a brain-machine interface with real-
time neural read-out, we cannot use data logging to SD-cards, but need radio transmission. Since the animal 
is moving in 3D, antennas need to allow position and orientation invariant reception, for which the active 
electronic equipment (illuminated touch-sensitive targets) in the immediate vicinity of the animals head 
create an extra challenge. Since we expect to need at least several dozens of individual isolated neurons to 
decode different action sequences reliably, and since chronic microelectrode arrays only yield such signal 
quality on a fraction of their channels, we need to transmit in the order of 100-200 channels, each sampled 
at a minimum of 20 ksps (kilo-samples per second).  

Since the first deliverable D1.1, we have improved our wireless system significantly by acquiring new 
technology, thereby massively increasing our recording capabilities. Our previous system recorded nominally 
up to 128 channels of neural data wirelessly. But extended experience revealed that, when the animal 
performed a freely-moving walk-and-reach task, signal quality was only satisfyingly stable for up to 32 
channels. By partially redesigning the cage, switching to different hardware (e.g. allowing more antennas in 
parallel, going to digital instead of analog transmission) and urging the manufacturer to provide better test 
software, we could reduce signal loss by a factor of 10 to below 0.5% during the structured behavior of an 
experimental trial. Our improved system allows now to stably record during free behavior up to 192 channels 
simultaneously from six 32-channel floating microwire arrays (FMAs; MicroProbe, USA) chronically implanted 
in three different brain areas, which to our knowledge so far is unique. In one animal, we recently implanted 
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eight arrays with 32-channels each. Our custom-developed modular implant system then allows connecting 
six out the eight arrays flexibly to the wireless system.  

The currently used wireless recording system consists of two Blackrock Exilis systems at 96 channels each. 
They each transmit to a wireless receiver system, which takes input from up to 8 receiving antennas. These 
wireless receiver systems can be tuned independently to each wireless transmitter. The signal of each 
channel is sampled at 30kHz, digitized and wirelessly transmitted using the two headstages at 3.05 GHz 
respectively 3.375GHz. These wireless data streams are integrated in the Blackrock Cereplex Direct system 
for data collection, aggregation, and preprocessing and sent to a controlling PC for viewing, saving, or 
transmitting over the network. This means, neural data from up to 192 channels wirelessly is recorded when 
three arrays of 32 channels each are connected to each of the two 96-channel Exilis Headstages. The 
components are mounted on a moveable rack-mounted cart (figure 2). The mobile cart provids the flexibility 
of transporting the recording system to any location equipped with receiving antennas within the cage or lab 
space. A custom designed metal plate is connected to the ground of a headstage and mounted between the 
headstages and prevents electromagnetic interference between them. 

  

 

Figure 2: Neural recording data flow through the 192 channel wireless portable cart system in the monkeys’ home 
enclosure. Dotted, black arrows signify data flow from each component within the wireless system. Solid, colored arrows 
show what each component physically corresponds to within the experimental recording system. 

2.2. Three-dimensional markerless motion capture in Reach Cage 
To interpret the neural data during the execution of a movement, it is necessary to quantify the exact 
movement dynamics. Previously (D1.1), we used the commerically available Plexon CinePlex Tracking motion 
capture system (Plexon, Dallas, USA) which records high frame-rate video from four angles around the Reach 
Cage. In order to track the position of specific body parts, this system uses color markers, which necessitated 



Page 6 of 20 
 

the dyeing the monkeys hand and generally limited the amount of markers that could be tracked (we tracked 
hand and head cap).  We now use a novel deep learning marker-less motion capture model, DeepLabCut 
(Mathis et. al. 2018), to identify the whole posture of the animals in the recorded videos (figure 3). After 
manually labelling the position of all tracked body parts (finger tips, wrists, elbows, shoulders, snout, tail root, 
head cap) in hundreds of frames, the model learns to identify these body parts in all frames. By triangulating 
multiple camera angles we can then reconstruct the 3D posture of the animal while it is performing the 
task. 

 

Figure 3: (A) Motion tracking of the left wrist, elbow, shoulder, and the headcap implant during reach and walk-and-
reach movements for monkey K (left) and monkey L (right). Video-based markers are tracked in three dimensions and 
projected to a side-view. Trial-by-trial marker positions for the reach (blue) and walk-and-reach (red) movements to the 
mid-left targets are shown for a sampling frequency of 60 Hz, overlaid for multiple sessions (light-dark colors). (B) Small 
trial-to-trial variability of movement trajectories, even across sessions, demonstrates spatially well-structured and 
consistent behavior. For each trial and marker, the average Euclidean distance to the trial-averaged trajectory at 
corresponding times is shown. For reference, neighboring near targets were mounted at approximately 130 mm 
distance (dashed line) in this experiment, with a diameter of 75 mm each. (C) Reconstructed 3-dimensional arm posture 
as function of time during reach and walk-and-reach movements based on the video motion capture separately for each 
monkey and session. The lines connect the marker (wrist to elbow to shoulder to headcap) for each marker position 
averaged across trials. Gray rectangles show target and start button. Pictures below show snapshots of characteristic 
postures during an example reach and walk-and-reach trial (adapted from Berger et al. 2020). 

2.3. Premotor and parietal cortex encode reach goal before walking 
To check for neural signatures of proactive action planning, we tested if the neural activity is informative 
about an action C before performing the previous action B. In the walk-and-reach task, we looked for 
modulation of neural activity towards different far-reach goals (action C) while the monkey touches the start 
button (action A) prior to walk (action B), i.e. after the target cue was shown (cue onset) and the monkey 
waits for the go cue to walk towards the target and to reach for it (action C), and while the monkey performs 
the walk. In half of the trials, the monkey performed reaches to near targets without walking. This allows 
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direct comparison between planning an immediate movement (near) and a sequential movement (far; 
figure 4). All four example neurons are significantly modulated by target distance (sequences AC vs. ABC), 
left-to-right target position (variations of action C), time during the trial, and interactions of the factors 
distance and position and the factors distance and time (ANOVA p<0.05). Units A and C are most strongly 
modulated during action A (holding start buttons between target cue and go cue), while units B and D are 
active during actions A, B and C (movement period). These example provide proof of concept that planning 
activity related not only to the immediate but also the following movement is present in the frontoparietal 
reach network. 

 

Figure 4: Four example units from the frontoparietal reach network of monkeys K and L recorded wirelessly while the 
monkeys performed the memory-guided walk-and-reach task. The figure shows for each unit averaged spike densities 
with corresponding raster plots (top left), the waveform (top right), and the unfiltered broadband signal during reach 
and walk-and-reach example movements. Vertical dashed lines indicate task events in order of appearance: target cue 
(on and off), go cue, start button release, and target acquisition. Error bars indicate bootstrapped 95% confidence 
interval for the spike densities and s.d. for the waveform. Color indicates near (red) and far (blue) targets, lightness level 
indicates right (light) to left (dark) target positions. 

To quantify the encoding of action C prior to execution of action B at the neural population level, we 
computed separately in near and far trials, and separately for each brain area and animal, the performance 
for decoding goal direction (left vs. right) with a support vector machine (SVM) decoder based on multi-unit 
firing rates. Figure 5 shows 20-fold cross validation of decoding accuracy in 300 ms time windows at 100 ms 
time steps. To test if we can decode the reach goal C during movement planning prior to onset of movement 
B (i.e. during action A), we analyzed the time window during the memory period starting 100 ms after target 
cue offset. We compared this against reach goal decoding during reaching (near) and during ongoing walking-
and-reaching (far), for which we analyzed the 300 ms immediately before target acquisition. We performed 
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a one-tailed permutation test to determine whether decoding accuracy is significantly above chance. In areas 
PMd and PRR, decoding is significant for both memory and movement period for reach and walk-and-reach 
movements. In M1, decoding accuracy only reached significance for walk-and-reach movements in monkey 
L during the movement period. This means that PMd and PRR contain information about action C already 
during the execution of action A, while M1 starts being selective for action C only later during ongoing 
action B. 

 

Figure 5: Direction decoding in the walk-and-reach task. Decoding accuracy of 20-fold cross validation of a linear SVM 
decoder in 300 ms bins at 100 ms time steps (line plots). We decoded whether the NHP walked during a trial towards 
one of the two left or one of the two right targets. Premotor and parietal cortex but not motor cortex showed significant 
decoding walk-and-reach targets even during the memory period. Statistical testing was done on one bin in the memory 
period (100–400 ms after the cue) and one in the movement period (last 300 ms before target acquisition; indicated 
with gray dashed line). The colored dashed curve indicates the significance threshold based on a one-tailed permutation 
test. The population average of the firing rate modulation between preferred and anti-preferred direction (left vs. right) 
during the memory and movement bin is shown in the bar plots. The black lines indicate the significance threshold 
based on a one-tailed permutation test. In both plots, an asterisk corresponds to a significant increase with Bonferroni 
correction. 

2.3.1 Invariance of walk-and-reach goal encoding for path variations 
In a house, walk-and-reach behaviors for switching on the light depend on whether the light switch can be 
approached directly via a straight directory in open space, or whether obstacles have to be avoided, e.g. an 
arm chair that needs to be bypassed or a wall opening (open door) that needs to be passed-through. We 
wanted to know how robust the decoding of walk-and-reach goals is to a disturbance of the action sequence 
ABC, i.e. to variations Bx of action B (ABxC). 

To test this, we introduced an obstacle into the walk-and-reach path in form of a ”tunnel” (figure 6). Instead 
of crossing an open space between the starting position and the far targets, the monkey now had to first 
move through a transparent divider with a narrow passage in the center. The monkey had to change 
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movement direction and also to step over the bottom part of the divider, therefore significantly changing his 
walking pattern for action B. To test the invariance of reach goal representations (action C) for variations of 
walking patter (Bx), we performed a cross-conditional generalization test of our decoder. For this, we trained 
the decoder with the activity recorded during action sequence ABC and tested its performance in predicting 
left-right target location in the disturbed sequence ABxC, and vice-versa.  

 

Figure 6: (A) Illustration of a monkey performing the walk-and-reach task towards the outer most targets without the 
tunnel (open) and with the tunnel (passage). (B) Top view of wrist (top) and head (bottom) trajectories for the eight 
reach and walk-and-reach targets during trials with and without the tunnel passage. The horizontal axis is the same for 
wrist and head. Histogram plots show the marker position distribution on the vertical axis at the point of the dashed 
line. The distribution with the passage is different from the one without (Kolmogorow-Smirnow test p<0.001 for wrist 
and head of both animals) with a smaller range. 

Figure 7 shows the results of this generalization analysis for each monkey and each brain area during action A, 
i.e. holding the start buttons. Whenever an area shows significant validation accuracy, i.e. above-chance 
decoding of information about the action C is possible during action A, then this area also shows significant 
generalization accuracy, i.e. decoding of this information independent of action B is possible (area PMd in 
monkey K, and area PRR in both). In area PMd there is some loss in cross-conditional decoding accurracy, i.e. 
the representation of the reach action C seems to be not completely invariant with respect to the walking 
pattern. In the other areas the cross-conditional performance is as good as within-condition performance. 

A 

B 
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From such area, we can decode which target is going to be touched (action C) during action A despite a 
disturbed action sequence. 

 

 

Figure 7: Generalization of decoder between open-spaced (no tunnel) condition (sequence ABC) and tunnel condition 
(ABxC) during memory period (action A). Time “0” denotes the onset of the visual cue. Each row is based on data from 
one area in one monkey. The left column is trained on the no-tunnel condition, the right column on the tunnel condition. 
Dotted lines show cross-validation, trained and tested on the same condition. Solid lines show the generalization, tested 
on the other condition than trained. Dashed lines show chance performance. Error bars show the standard deviation. 
Stars denote time bins in which decoder performance exceeds chance performance. 

M
onkey K 

M
onkey L 
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3. Proactive planning in sequential action selection - touch screen version 

As reported in the Deliverable D1.2, we developed a version of the proactive sequential action selection task 
that the animal performs on a touchscreen (PSAS-touch) in order to have a behavioural readout of proactive 
planning. Here we report on neural recordings and data analysis obtained from this task in the meantime. 
Different to the walk-and-reach task, we can compare strictly sequential behavior (by means of 
corresponding instruction of the animal) with potentially proactive planning of sequence execution (by 
means of instructing the complete sequence ahead of time). In addition, we can study sequences of forelimb 
movements, for which each element of the sequence can be expected to be represented within the same 
brain areas.  

3.1. Neural recordings in home-enclosure of the animal 
Neural recordings of a freely-moving animal in front of a touch screen were performed in the home-enclosure 
of the animal. Figure 8 illustrates the experimental setup. Two animals were trained to work on an 
eXperimental Behavioural Instrument (XBI) attached to one side of the front cage. During the experiment, 
the animals were free to move around in one quarter of the front cage comprising 1 m³ and remained within 
visual and vocal contact to their conspecifics. The reward system of the XBI was designed for animals to 
maintain a stable head position in front of the touchscreen. In both monkeys, the neural data was 
simultaneously recorded from all six arrays.  

 

Figure 8: Neural recordings in home-enclosure of the animal. (A) XBI and antennas were attached to one frontcage next 
to the group housing. (B) Animal performs PSAS task on XBI touchscreen. (C) Recording system for data acqusition 

3.2. Planning of Action C during execution of Action B 
During the PSAS task, the animals have to execute three actions in a hierarchical fashion. First, the animals 
acquire a starting position (action A), make a reach towards a first target (action B), and finish the trial by 
reaching to a second target (action C). Figure 9 shows the final task design of the PSAS task (four different 
versions were developed and tested, see also D1.2). Animals initiated a new trial by touching the starting 
position (white circle in lower part of screen). Upon touching the start position two targets, two distractors 
as well as two colour cues appeared on the screen. During proactive trials, both cues would match in colour 
to one target in each row. After a variable time period the start button as well as the colour cues disappeared 
instructing the animal to start the movement. The animal would then make a reach to the first target, 
followed by an immediate reach to the second target. In contrast to proactive trials, the target and distractor 
for action C were greyed out during the first part of sequential trials. Only upon successfully touching the B 
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target, the upper circles would change in colour telling the monkey which is the correct C target. Therefore, 
the animal is able to plan both action B and action C before starting the movement during proactive trials. 
During sequential trials, however, the animal is only informed about the correct C target after finishing action 
B and can therefore also only then make a plan for action C. 

 

Figure 9: Task design of the PSAS task executed at a touchscreen comparing proactive (top) and sequential trials 
(bottom). 𝑅𝑅𝑅𝑅𝐵𝐵, 𝑀𝑀𝑅𝑅𝐵𝐵, 𝑅𝑅𝑅𝑅𝐶𝐶  and 𝑀𝑀𝑅𝑅𝐶𝐶  indicate movement and reaction time for action B resepectively action C. 

Figure 10 shows the movement and reaction times for action B and action C of proactive and sequential trials, 
respectively. For action B there is no difference in reaction or movement time for the two trial types. For 
action C, however, the animal reacts approximately 150ms faster during proactive compared to sequential 
trials. Furthermore, the movement time for action C is roughly 35 ms shorter during proactive compared to 
sequential trials. This indicates that the animals are proactively planning both movements if all information 
is available at the beginning of a trial. 

Next, we tested if individual neurons would show neural signatures for proactive planning. Figure 11 shows 
two example cells from the dorsal premotor cortex (PMd) and the parietal reach region (PRR). Both cells 
exhibit a preference towards target C1. This prefenrence is only present after the end of action B during 
sequential trials, because only after this point the animal is informed about the correct C target. For proactive 
trials, however, the preference for target C1 is already visible about 200ms before the end of action B. This 
example indicates that the animal not only behaviorlly is already preparing for the subsequent action C prior 
to finishing action B, but that this proactive planning is also represented in the neural tuning in the 
frontoparietal motor planning areas. 
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Figure 10: Behavioural readout for proactivity. Top row shows reaction and movement time for action B, bottom row 
shows reaction and movement time for action C. Colours differentiate between sequential (blue) and proactive (pink) 
trials. Mean values for reaction and movement time are provided for each trial condition and action. 

 

 

Figure 11: Neural correlates of proactive reach planning in a single neuron example. Left panel shows neural activity in 
proactive (top) and sequential (bottom) trials from an example cell from area PMd, right panel from area PRR. Average 
spike density is aligned to the end of action B. Shaded areas indicate SEM. The four colours correspond to four different 
C targets, irrespective of the intermediate B target from which the C target is reached. 
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As for the walk-and-reach task, in close cooperation with UGOE (WP2), population level decoding 
performance was tested offline with a variety of algorithms by scientists of UGOE (Figure 12). In line with our 
results from the single neuron analysis, the decoding performance increases earlier during proactive 
compared to sequential trials. However, it also only increases shortly before the onset of action C and not as 
early as before the start of the action sequence, which one might have expected. Thus, there is a neural 
correlate of proactive planning resulting in a shorter execution time of the action sequence during proactive 
compared to sequential trials. This neural correlate becomes visible approx. 200ms before the end of action 
B but not as early as at the start of the action sequence. 

 

Figure 12: Decoding of proactive action plans in PSAS-touch task. Data is shown exemplarily for decoding with a 
Perceptron classifier. The curves are aligned to the onset of action C (t=0). Perfect decoding would correspond to a value 
of 1 and chance level is 0.25 (dotted line), corresponding to four different C targets. Coloured curves indicate how many 
50ms time bins were used prior to classification time point. Left panels show classifaction performance during proactive 
(top) and sequential (bottom) trials for animal H, right panels for animal K.  

4. Proactive planning in sequential action selection – B-prime in the Smart Cage 

As shown in previous deliverables and during the last demonstrator, we are able to collect synchronized 
behavioral and wireless neural data from rhesus macaques while the animal is freely moving. The so-called 
walk-and-reach task allowed us to mimic a „button touch“ and investigate the neural underpinnings of 
proactive behavior in this context. 

However, we wanted to go beyond a „simple“ walk-and-reach task and add complexity to the decision tree 
as it is more likely in real-life scenarios. For this, we conceptualized, developed, and implemented the PSAS 
task first on a touchscreen (section 3.2) so that we can investigate the neural correlates of proactivity when 
confronted with a multi-intersected decision tree (all possible combinations of BxCy). In a second step, we 
translated this task back into a closer to real-life application and moved it to the Smart Cage. We 
implemented the PSAS task as an interaction with a rotating cabinet with 2x2 possible combinations of B-
level action (left/right rotation) and C-level action (top/bottom reach), thereby going beyond a simple light 
switch task. 

As demonstrated in the last deliverable, we have been designing the first type from a series of devices named 
PRIME for Primate Interaction Movement and Enrichment devices. The current device is the ‘B-PRIME‘ or 
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Barrel (edition) of the PRIME concept. The B-Prime implements the PSAS task in three-dimensional physical 
space with haptic feedback and allows collecting data of an animal interacting with a closer to real-life device 
rather than simply with a touchscreen.  

4.2. Design 
Design principles for this device were to build a realistic physical device providing haptic feedback and an 
intuitive interaction due to its inherent physical properties (1), allowing a flexible but full computer control 
of the device (2), and allowing implementation of a PSAS task (3).  

A detailed description of the B-PRIME has been provided in the previous deliverable. Here we will only 
provide updates on the status since we meanwhile use it to study the neural basis of action sequence 
planning (Task 1.3). 

4.2.1 True physical device 
The B-PRIME consists of two concentrically rotating barrels (Figure 13). The inner barrel is motorized and 
controlled by our software. The outer barrel is transparent and controlled by the animal. Rotating the outer 
barrel rotates the inner cylinder according to the logics implemented in the software. Once the barrels are 
rotated out of its starting position (registered with rotary encoders) two out of four food pockets become 
visible. With proper alignment of outer and inner barrel, the animal can reach into a pocket with its hand 
(registered by a photodiode) resulting in a reward for the animal. 

 

 

Figure 13: CAD rendering of the B-PRIME concept. Left: enclosed B-PRIME with a window of access for the animal to 
interact with; middle: outer transparent and inner motorized barrel; right: inner cylinder with all four food pockets 
giving the choice of leftward/rightward rotation and upper and lower reaching. 

A prototype was developed and placed in a chair-seated setup (figure 14A). This allowed us to let the animals 
interact with the B-PRIME in a controlled setting to debug potential deficits and improve the design. By now, 
the design as well the software have been optimized and a working model was placed in the Smart Cage 
(figure 14B). The Smart Cage has been modified to now also implement the second real life scenario, 
interaction with a smart cabinet (figure 15). 
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The main features of the PSAS task at the B-PRIME consist of two individual differentiable actions B and two 
possible subsequent actions C. The B-PRIME offers action B by a left- and rightward rotation and action C by 
reaching towards the upper or lower food pocket. Details of PSAS task implementation are described in the 
next section. 

 

 

Figure 14: Two versions of the B PRIME – (A) first prototype placed in a fully controlled chair-seated setup to debug and 
optimize the model; (B) optimized and improved working model placed in the Smart Cage fully accessible by the animal. 
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Figure 15: The Smart Cage in its two configurations – (A) original Smart Cage with light target enabling the animal to 
reach towards one of the near light targets or walk and then reach one of the targets; (B) modified Smart Cage 
configuration, in which the light targets except for two have been deactivated and the B-PRIME has taken the place of 
one side wall enabling the animal to interact with the B-RPIME and perform the PSAS task. 

 

4.3. Task Design and Animal Training 
With the B-PRIME, we study proactivity when operating a physical interactive device (PSAS-B-PPRIME). Figure 
16 illustrates how PSAS-touch and PSAS-B-PRIME share the same task structure. Both implementations 
feature hierarchical action sequences (A-B-C) with four (touch) and two (B-Prime) variations of actions B and 
C, respectively. At the touchscreen, this is realized by providing two reaching targets in a vertical order 
indicated by two colour cues. At the B-PRIME, action B is represented as a left- vs. rightward rotation. After 
a successful rotation, two out of the four possible targets (food pockets) come into reach. This means, only 
after completing action B, action C (reaching to either the upper or lower target) can be performed. By 
contrast, the C target is always visible and reachable in the touchscreen task. The four different C targets (C1-
C4) are mapped to the four pockets of the B-PRIME, but after performing action B, only two out of four C 
targets remain. The idea is that this design encourages proactivity by the fact that the outcome of action B 
determines the possible options for action C. In other words, making an error during action B, for example 
rotating the barrel to the wrong direction, prohibits the performance of a correct action C. 
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Figure 16: Comparison between PSAS task on touchscreen and B-PRIME. (A) Hierarchical action sequence. After 
performing action B1 the animal can only perform either action C1 or C2, while C3 and C4 are unavailable. (B) 
Touchscreen version of PSAS task (see section 3.2 and deliverable D1.2). (C) PSAS task on B-PRIME. Action A is done by 
touching start button mounted in front of B-PRIME (not shown). Left or right rotation of the outer barrel serves as 
action B. After successful rotation, action C can be performed by reaching to either the upper (C1 or C3, respectively) or 
lower target (C2 or C4, respectively). The correct target (upper-left in the given example) is instructed by a LED colour 
cue. 

 

Figure 17 illustrates the details of the PSAS-B-Prime taks. Five LEDs on the B-Prime cue the action sequence 
in each trial. In proactive and sequential trials, the animal is requested to perform the same set of 
movements. As in the PSAS-touch task, the proactive and sequential trials differ in terms of what type of 
information is availabe during initial movement planning. A trial starts with the animal acquiring the starting 
position by touching the start button located in front of the device. After a variable time between 900ms and 
1200ms the target cue appears. In the proactive condition, only one of the four corner LEDs is illuminated to 
indicate the correct pocket. In the example shown, the upper left LEDs lights up, instructing the animal to 
perform first a rightward rotation and afterwards reaching towards the upper target. During sequential trials, 
the first cue informs the animal only about the requested rotation direction by showing either both LEDs on 
the right or left side, respectively. After 600ms, the target cue turns off and the central LEDs lights up after a 
variable time between 500ms and 1200ms telling the animal to start the movement. The central LEDs stays 
on until the animal has successfully rotated the outer cylinder enough for the inner cylinder to align centrally 
giving access to two pockets. During the sequential trials, the animal is now informed about action C by either 
the upper or the lower LED turning on again. The animal can then reach inside the pocket and is rewarded 
upon activating the sensor inside the pocket. The inner barrel will then automatically reset to the initial 
position allowing a new trial to start. The two trial types are designed to allow a comparison between 
conditions in which, first, in the proactive case, both action B and C are cued in a single cue at the beginning 
of the trial enabling the animal to prepare the entire action sequence, and, second, in the sequential case, 
the correct action C is only shown after action B has been completed. 
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Figure 17: Proactive and sequential trials in the PSAS-B-PRIME task. Top row indicates task events. Five LEDs cue the 
action sequence in each trial. Bottom part shows corresponding interaction of the animal with the B-PRIME. Action A 
consists of touching the home button, action B consists of rotation of barrel, action C is done as reach to either the 
upper or the lower pocket. 

At the current stage of the experiment, the animal knows the trial structure, associates the four corner LEDs 
with four potential targets and can perform the sequential condition with good performance. For the 
proactive condition, the animal performans action B with a hit rate of 90%. Action C is yet only performed 
with a hit rate of 80% with occasional drops to 60%. While we already record neural data, we will continue 
animal training to get an even more reliable performance of both actions. 

Figure 18 shows three example cells from the supplementary motor area (SMA) tuned to action B or action 
C at different time points of a proactive trial. 

 

Figure 18: Example Cells from area SMA show tuning for action B or action C at different time during PSAS-B-Prime task. 
(A) Target position of four possible targets with corresponding colour code for figures B-D. (B) Exemplary cell tuned to 
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action B prior to go cue. Activity is aligned to go cue (=0ms) and is higher for right- vs. leftward rotation. (C) Exemplary 
cell tuned to action C shortly before end of action B (=0ms). Activity is aligned to the end of action B (=end of rotation) 
and is higher for bottom compared to top targets. (D) Exemplary cell tuned to action C before go cue. Activity is aligned 
to go cue (=0ms) and is greater for bottom compared to top targets prior to the go cue. Shaded areas indicate SEM. 

5. Summary 
We have upgraded our neural recording system, build a new versatile setup device in thought ouf the smart 
house, and collected and analysed neural data from three different animals performing four different tasks. 

With the walk-and-reach task, we have demonstrated that the recorded areas encode a later action C in an 
action sequence ABC already during action A and that this encoding is mostly robust to a disturbance of the 
action sequence ABXC. 

In order to obtain a behavioural readout of proactivity that can be linked to neural features, we developed 
the PSAS task (see also Deliverable D1.2). Thereby, we could show that the animals are proactively planning 
two reaches if equipped with all the neccessary information at the beginning. Single cell and decoding 
analysis revealed a readout for a plan of action C while action B is still ongoing. 

In order to mimic action sequences in the environment of a smart house, we developed and custom-build an 
innovative setup device (B-PRIME). The B-PRIME was integrated into the reach cage as a new interaction 
device, similar to a rotating cabinet in a smart house. We adapted the PSAS task to this naturalistic setup, 
trained one animal to perform the task and started neural recordings. Preliminary results show tuning in 
individual cells to the rotation direction of the B-PRIME (action B) as well as reach direction (action C) prior 
to movement onset.  

We will finalise animal training of the PSAS task on the B-PRIME, continue data collection and analysis. 

5.1. Link to other packages 

5.1.1 WP2 
Data was shared with WP2. WP2 provided us with decoding results for the PSAS data sets. 

5.1.2 WP4 
The B-PRIME was developed to resemble a smart cabinet integrated into the smart house. We interact with 
UPM (leader of WP4) for the design of the smart cabinet. 
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