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Abstract. The primate visual system can perform an astonishing array of tasks 
as reflected by the correspondingly large portion of the cerebral cortex devoted 
to analyzing retinal signals. Although a potential source of inspiration for com-
puter vision, with a few exceptions, progress has been slow in this field. Prin-
cipal obstacles are the lack of any exhaustive list of what vision achieves in 
humans and the restricting of areas of investigation to a few topics such as mo-
tion, object categories and the control of a few actions such as reaching or sac-
cades. Here I will review how we integrated several experimental techniques to 
address a question that arose from interactions with computer vision scientists 
more than fifteen years ago: the extraction of 3D surfaces.  This goal is 
achieved by a new type of higher-order visual neuron: the gradient-selective 
neurons. Neurons selective for speed gradients were initially discovered in mo-
tion processing areas, such as MT/V5, MSTd and FST, located in the monkey 
superior temporal sulcus (STS). Subsequently, neurons selective for disparity 
gradients were discovered in shape processing areas, such as TEs and AIP. By 
combining these single-cell studies with fMRI in human and awake monkey, 
we were able to localize similar neurons to human cortical areas. In the second 
part I address my present interest in understanding the visual signals related to 
the actions of conspecifics, which is perhaps the ultimate challenge of motion 
processing, but which receives surprisingly little attention in vision. The under-
standing of observed actions exemplifies my statement that to be useful visual 
signals have to leave the visual system, as signals related to biological motion 
in the STS are indeed relayed to parietal regions involved in the control of di-
verse actions to be understood as actions. 

1 The Primate Visual System 

The visual system of the primate occupies a substantial portion of the cortical surface. 
Cortical surface averages 978 cm2 per hemisphere in humans [1], compared to 105 
cm2 in monkeys [2]. Thus the macaque cortex is just under ten times smaller than 
human cortex, while this ratio is 1:1000 in the mouse, making this species less attrac-
tive as experimental model. In the macaque about 60% of cortical surface is visual in 
nature and about 40 visual cortical areas have been identified [3]. In humans, 30% of 
cortex is thought to be visual, which in absolute size is still greater than monkey visu-
al cortex. Since for homologous areas the ratio of surface area between macaque and 
human ranges from 2 to 6 fold, one can expect slightly more visual cortical areas in 
humans than monkeys, perhaps 50 or so. Nineteen areas have been identified so far in 
occipital cortex by retinotopic mapping [4]. 



 Lessons from the Primate Visual System 463 

 

Although it is clear to everybody that the human visual system is able to perform 
an astonishing array of different tasks, it is difficult to provide an exhaustive list. 
Therefore I have stressed [5] the importance of studying the visual system from the 
backside, the level at which connections with other parts of the brain are made. At this 
level the visual processing is completed and it becomes possible to define the input-
output relationships for a given visual task. Since many high-level visual cortical 
areas have connections outside the visual system, there are multiple exit points from 
the system, and not necessarily at the same hierarchical level. Very generally, the 
tasks performed by the visual system have been segregated into recogni-
tion/categorization/discrimination and motor-control tasks, which are performed by 
the ventral, occipito-temporal and dorsal, occipito-parietal streams respectively [6]. 

There is some evidence that the dorsal stream itself consists of two substreams, de-
pending on whether visual information enters through MT/V5 or V6 [7]. In a similar 
vein I suggest that the ventral stream also includes multiple substreams, related re-
spectively to the processing of the scene presenting to the observer, the objects and 
the conspecifics in the scene. This view removes one of conundrums of present visual 
neuroscience: how to reconcile what are called category specific processing with gen-
eral object processing. One category specific set of regions are the place areas, most 
notable the parahippocampal place area in ventral occipito-temporal cortex. I propose 
that this area plus afferents, represents the scene processing ventral substream.  The 
other category specific regions are the body and face areas, which in monkeys are 
located in the upper and lower bank of the rostral and middle STS. This corresponds 
to the conspecific ventral substream, leaving the remaining infero-temporal cortex as 
the general object ventral substream. These substreams project to the nearby hippo-
campal formation, and to the prefrontal cortex. 

The anatomical and functional complexity of the visual system would seemingly 
render any investigation of this system extremely difficult. Recently, however, much 
progress has been achieved by combining single-cell studies in the macaque brain 
with parallel functional imaging of both the animal model and human, an approach 
pioneered by our group in Leuven [8, 9]. Indeed this strategy allows one to establish 
links between single-cell and fMRI studies which are complementary, in the same 
species and then use the fMRI comparisons to move between species. Using this 
strategy we were able to address a question that arose year ago from discussions with 
Olivier Faugeras and other computer vision scientists in the Insight EU projects. 

2 A Largely Solved Problem: Extraction of 3D Shape 

3D shape and depth 
Some years ago Faugeras and his team were developing techniques for measuring 
depth in the view fields of robot cameras, producing dense maps of 3D coordinates 
covering the scene. This seemed an overwhelming quantity of data and I suggested 
that the brain might use a more synthetic solution and represent the 3D surfaces di-
rectly, rather than keeping track of all the precise depth values. Basically, I was sug-
gesting that the brain was building representations using the first and second orders of 



464 G.A. Orban 

 

depth, which specify tilted planes and curved surfaces. It took me almost 15 years to 
demonstrate this process for most depth cues, except shading, and to extend this 
knowledge to humans using the strategy described above. This long journey is sum-
marized here, but a full account can be found in [9]. It however makes two important 
points: 1) neuroscience can indeed find solutions to ‘hard’ problems that are useful to 
computer vision scientists and 2) biological vision and computer vision apparently 
progress at different time scales, with visual neuroscience being slower. It is fair to 
say, however, that with more money and a team fully devoted to this objective we 
could have advanced much faster. 

Gradient-selective neurons 
Gradient-selective neurons were discovered in the nineties at the end of the Insight 
projects. Xiao et al [10] showed that MT/V5 neurons were selective for linear speed 
gradients representing planes tilted in depth and relied upon their antagonistic sur-
round for this selectivity, thus providing a mechanistic explanation. Subsequently, 
similar neurons were found in MSTd [11], and invariance for mean speed demonstrat-
ed. The most complete description was provided in [12], comparing first and second-
order speed-gradient selective neurons in MT/V5 and FST. Many of the second-order 
neurons in FST were selective for saddle-shaped surfaces, an intriguing finding. Giv-
en that many joints are in fact saddle-shaped, at least from certain view points, this 
suggests a manner in which shape signals can be injected into the motion stream to 
extract action-related signals, which combine motion and shape. Similar gradient-
selective neurons were also described for texture and disparity gradients [9]. 

Using parallel functional imaging to extend knowledge to human brain 
The second leg of the journey involves demonstrating in the model system, here the 
macaque, that the presence of gradient-selective neurons can be captured by fMRI 
responses in a given paradigm. As paradigm for investigating 3D structure from mo-
tion we introduced the comparison between viewing randomly connected lies rotating 
in depth and those same lines translating in the fronto-parallel plane [13]. It turns out 
that in the monkey this contrast activates only a few higher-order visual areas: notably 
MT/V5 and FST [8]. In fact gradient-selective neurons in FST respond differentially 
to these two stimuli [12] thus validating the paradigm. Recently, the human homolo-
gues of MT/V5 and some of its satellites have been mapped retinotopically [4]. Hu-
man MT/V5 and to some degree putative FST (pFST) are also activated by the com-
parison of rotating vs translating random lines, suggesting that they house speed-
gradient selective neurons, as do their monkey counterparts. 

3 Action Understanding and Processing of Actor 
Characteristics  

The three stages of observed action processing 
The best known example of processing action-observation signals is that of observing 
grasping in the monkey. Single-cell studies have shown that ventral premotor neurons 
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in F5 [14] and parietal neurons in PFG [15] and AIP are involved in both the planning 
of a given grasping action to be executed by the subject and in the observation of that 
same grasping action performed by another, whether a monkey or human. AIP and 
PFG are known to project to F5 [16]. Combining fMRI with tracer studies have 
shown that AIP receives input from a region in the rostral lower bank of the STS, 
processing observed grasping, while PFG receives input from a grasping-processing 
region in the upper bank of STS, near STPm [17]. These regions receive from more 
caudal parts of the STS. We propose that action processing originates in MT/V5, 
where local motion is processed, and its satellites such as FST, which may provide 
shape information based on 3D SFM, see above. The second step is LST [18] that 
overlaps with the middle body patch [19], where imaging experiments suggest that 
biological motion is extracted. Finally, these signals are then relayed forward along 
the STS. The exact subdivisions and their connections are unknown, but they include 
the areas projecting to PFG and AIP. Thus the presumed sequence of processing steps 
is as follows: MT/V5 which receives directly from V1, FST, LST, rostral STS, AIP or 
PFG, and F5. 

This processing of action observation signals in these three stages, including an oc-
cipito-temporal, parietal and premotor stage is now believed to be a general feature of 
the action observation networks in human and non-human primates. Of course this 
raises the question about homologies between areas in the two species, but progress 
has been made in this direction, at the occipito-temporal [19] and parietal levels [20]. 

Purpose of processing in the STS: actor characteristics 
The preceding overview of the processing of visual action-observation signals indi-
cates that the first occipito-temporal stage comprises multiple sublevels of processing, 
raising questions regarding the function of its more anterior components. If one com-
pares monkey STS with the presumed homologous regions in humans [19], it is clear 
that these levels are considerably expanded in humans. Here I propose that the output 
of these more rostral STS fields processing biological motion, together with the static 
body and static and dynamic face signals, represent the identity and state of the actor. 
They are thus part of the conspecific ventral substream defined in point 1. The state of 
the actor refers to his physiological, mental and emotional state. Physiological state 
refers to age, gender, vigor, fertility, health and disabilities, features typically used in 
a clinical evaluation by a physician. This state is largely provided by static visual 
signals such as body size, face configuration, texture, and color of the skin [20]. Men-
tal state includes the intention with respect to the observer that can be signaled by 
gaze direction, or rationality of the actor, which can be inferred from the way the 
action is performed given constraints imposed by the environment or the load borne 
by the subject [22]. The emotional state refers to the overall mood and emotion, indi-
cated by motion kinematics [23] as well as affect relative to the observer as witnessed 
by vitality signs [24]. Some of this emotional information can be amplified by multi-
modal combinations of auditory and visual signals: think of the sound created by 
somebody walking, and how this used in movies to create an atmosphere or tension. 
We propose that representing the actor and his state is the primary function of mon-
key STS and its homologous regions in humans. Interestingly neighboring auditory 
regions in humans have been shown to represent the speaker [25], complementing 
visual information concerning the conspecifics in our environment. The visual 
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processing in STS provides a fine-grained analysis of the visual features of observed 
actions. Signals from this analysis are also dispatched to the posterior parietal cortex 
(PPC), and sent to the various areas involved in planning the actions in the observers’ 
repertoire, as we have shown for grasping.   

Processing of observed actions in parietal cortex 
There is general agreement that posterior parietal cortex is involved in the sensori-
motor transformations underlying the planning of various actions [26]. Because dif-
ferent actions such as locomotion, grasping, and reaching, require different types of 
sensory information, we propose that actions are planned in parallel in various sub-
components of PPC. Recent adaptation studies [27] are consistent with the notion that 
the PPC is organized according to the type of action planned and not the effector used 
to perform the action, as frequently proposed [28]. If we additionally hypothesize that 
the visual signals from the STS relating to action observation project to the portion of 
the PPC involved in planning that same action (generalized mirror principle), one 
predicts that the PPC regions concerned with action observation are also organized 
according to the action type. Evidence in this direction has begun to accumulate [29]. 

Such an organization would indicate that human cortex has discovered a short-cut 
for solving the intractable visual problem of recognizing the actions of others. This 
may be an important lesson for computer vision. Interestingly, it is presently thought 
that the PPC only houses the general plan for various categories of actions, assuming 
that the typical effector will be used [29]. Thus to design an artificial system that ‘un-
derstands’ human actions, it must be possible to emulate this strategy by designing a 
computer vision system that plans actions with human effectors, and then mapping the 
visual signals onto those plans. If the plans are to be used in a robot, anthropomorphic 
or not, the next stage can transform these plans by mapping them onto the robot effec-
tors, thus mimicking a presumed function of human premotor cortex, namely adapting 
the general plan to the specific effectors used in the action. 
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