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tion ( 5). Tracking is one solution, but raises 

ethical and privacy concerns ( 6). In equip-

ping the person with a GPS unit—for exam-

ple, embedded on a smart phone or a wear-

able wristwatch—models of their behavior 

can be constructed, deviations from which 

can lead to alarm generation. Crucially, the 

decision to activate an alarm can be made on 

the smart phone or wristwatch, thus removing 

the need for a centralized tracking approach. 

Hence, it is possible to balance the privacy of 

the person with dementia, their autonomy to 

make their own decisions, their own welfare, 

and the needs of their carers.

Proof-of-concept studies in these and 

many other domains, including offices, 

industry, transport, gaming, and e-com-

merce, demonstrate the potential of ambient 

intelligence. Indeed, increased awareness of 

energy issues suggests that the smart grid 

and energy effi ciency ( 7) may become pio-

neering ambient intelligence services. Ulti-

mately, researchers are envisioning “smart 

cities” ( 8) in which technologies such as 

ambient intelligence permeate all aspects 

of urban life. How can this potential be 

translated into a coherent vision and prac-

tical implementation, marked by scalability, 

robustness, and intelligence?

A key enabling technology is the Sen-

sor Web ( 9), which envisages a network of 

sensors spatially distributed and embedded 

within the environment. However, a stan-

dardized approach is required to achieve 

interoperability between such physical sen-

sor networks and the Web itself; in this way, 

seamless connectivity and usability will be 

achieved through a “Plug and Play” approach 

( 10). The software required to achieve this, 

as well as being inherently distributed, must 

encapsulate robustness, scalability, and 

interoperability among others. Distributed 

Artifi cial Intelligence, specifi cally Intelligent 

Agents ( 11), is one mature software para-

digm for delivering ambient intelligence.

A major constraint for the development 

of ambient intelligence systems will be how 

to power remote devices. Many embed-

ded systems rely on battery or other fi nite 

power sources. Their life span may be weeks 

at most, frequently making ambient intel-

ligence impractical. As the integration of 

low-power technologies into conventional 

consumer devices and ambient intelligence 

increases, energy harvesting from a variety 

of environmental sources will play a vital 

role in maintaining the long-term function-

ing of ambient intelligent environments 

( 12). Sustainability or green computing pre-

cepts must also be factored into the design 

of ambient intelligence infrastructures. This 

means that designers must plan for sustain-

able decommissioning, in much the same 

way that satellite engineers design satellites 

to burn on atmosphere reentry rather than 

being allowed to fall to Earth.

As ambient intelligence becomes main-

stream, there is an urgent need for issues of 

security, privacy, and ethics to be brought 

to the public’s attention. One interesting 

legal proposal is that of ambient law ( 13). 

This argues that the freedoms that underpin 

constitutional democracy may be radically 

altered as ambient intelligence permeates 

everyday life. Such freedoms may be rein-

forced in some circumstances; in others, 

they may be destroyed. Avoiding the latter 

situation demands greater communication 

between lawyers and computer scientists, 

such that appropriate legal norms can be 

constructed and incorporated into the design 

and use of ambient intelligence. 
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Segregation and Wiring 
in the Brain

NEUROSCIENCE

Karl Zilles 1, 2 and Katrin Amunts 2 ,3  

Are there unifying principles behind the structural complexity of the cerebral cortex?

          A 
mosaic of hundreds of intercon-

nected and microscopically iden-

tifiable areas in the human cere-

bral cortex controls cognition, perception, 

and behavior. Each area covers up to 40 

cm2 of the cortical surface and consists of 

up to 750 million nerve cells ( 1). The archi-

tecture—the spatial distribution, density, 

size, and shape of nerve cells and their pro-

cesses—varies between different cortical 

areas. Nerve cells are interconnected within 

each area and with other brain regions and 

the spinal cord via fiber tracts, synapses, 

transmitters, modulators, and receptors. 

This incredible structural complexity under-

lies the functional segregation in the cere-

bral cortex. The ultimate goal—to under-

stand the driving forces and organizational 

principles of the human brain beyond the 

cellular and functional details—remains a 

challenge. Reports by Chen et al. ( 2) and 

Wedeen et al. ( 3) on pages 1634 and 1628 of 

this issue, respectively, accept this challenge 

by analyzing the genetic topography of the 

cortex and the spatial course of fi ber path-

ways in the brain. The studies fi nd unifying 

hierarchical and geometric rules behind the 

organizational details.

In addition to classical cytoarchitecton-

ics (the spatial organization of cellular com-

position) of the brain ( 4), the fi elds of cell 

biology, neuroimaging, neuroinformatics, 

and genetics have provided myriads of valu-

able data about the structure and function of 

the cerebral cortex. Only after the advent of 

modern genetics was it possible to identify 

the driving forces behind segmentation as 

an organizational principle of the vertebrate 

brain. However, a segmentation process in 

the cortex, similar to that seen in other brain 

regions and the spinal cord, does not seem 

likely because an overt segmental or meta-

meric partitioning of the neocortex is not 

visible during embryogenesis ( 5). Instead, 

Chen et al. demonstrate a genetically con-

trolled and hierarchically organized struc-

tural segregation in the human cortex.

Chen et al. investigated human brains by 

cortical surface reconstruction, advanced 
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atlas mapping, and genetic anal-

yses. By comparing mono- and 

dizygotic twins, the authors 

calculated how shared genet-

ics influence area expansion 

between cortical regions. A clus-

ter analysis of this genetic topog-

raphy was performed in the 

absence of predefi ned anatomi-

cal information. The authors 

could thus parcel the corti-

cal surface area into 12 genetic 

regions. A possible correlation 

between this genetic topogra-

phy and the cytoarchitecture of 

the cortex ( 6) may reveal rules 

behind the mosaic of cortical 

area. However, some genetically 

determined regions are very 

large, even crossing the borders 

of cytoarchitectonic areas and 

expanding into other lobes. For 

example, the occipital and infe-

rior parietal clusters of Chen et 

al. comprise numerous cytoar-

chitectonic areas ( 7,  8).

Although there is mismatch 

in some details, this should not 

obscure an important common-

ality revealed between cytoar-

chitecture and genetic topog-

raphy–hierarchical organiza-

tion. Cytoarchitectonic maps 

reflect functional and molecu-

lar aspects of brain organiza-

tion. The regional distributions 

of transmitter receptors ( 9), cell 

types ( 10), and connectivity ( 8), as well as 

the genetic topography determined by Chen 

et al., are hierarchically organized. That is, 

cortical subdivisions are nested in a com-

mon superstructure and interrelated in a 

tree-like organization. They show different 

degrees of functional, molecular, or struc-

tural similarities. Hierarchical organization 

of the cortex is thus the unifying rule, which 

encompasses all scales from the molecular 

to the systems level.

The concept of hierarchy is reminiscent 

of an old but unfortunately forgotten fi nd-

ing ( 11– 13): the gradation of architectonic 

features. This concept explains differences 

between cortical areas by a stepwise and 

directed architectonic differentiation of the 

neocortex. These developmental gradation 

streams follow non-Euclidean axes. The ros-

trocaudal axis is bent around the end of the 

lateral fi ssure; the other axes are orthogonal 

to it. In the frontal lobe (see the fi gure), gra-

dation streams originate in the border regions 

of the insula, anterior cingulate gyrus, olfac-

tory area, and central sulcus ( 13). These 

regions are phylogenetically old or are 

located in primary sulci (depressions or fi s-

sures in the surface of the brain). Along the 

gradation streams, the cellular composition 

and organization change stepwise accord-

ing to the changing relationship between the 

sizes of layer V to layer III pyramidal cells in 

the cortex, along with the development of an 

inner granular cell layer IV. Thus, the grada-

tion hypothesis describes a hierarchical rule 

behind the details of architectonic pheno-

types. The results of Chen et al. suggest that 

the gradation topography principally corre-

sponds to the genetic topography.

Previous studies of fi ber tracts—bundles 

of nerve fi bers—provided a wealth of detail 

about their spatial orientation in a highly 

descriptive, but not analytical way. Wedeen 

et al. propose a rectilinear, grid-like geomet-

ric organization of fi ber pathways in human 

and nonhuman primate brains. Starting from 

major paths, the authors identifi ed adjacent 

paths that cross the initial ones orthogonally. 

The crossings form well-defined curved, 

two-dimensional sheets. The major longitu-

dinal paths provide the long-range anatomi-

cal connectivity. The short U-fi bers connect 

adjacent gyri (ridges on the cerebral cor-

tex). As in the case of gradation streams, 

the three-dimensional grid of fiber tracts 

follows the three principal axes of growth 

direction during brain development (lon-

gitudinal, mediolateral, and dorsoventral). 

This organization may be achieved by che-

motactic mechanisms of neuronal path fi nd-

ing and incremental rewiring.

Wedeen et al. also used the Frobenius 

theorem from differential geometry to sup-

port their argument for the formation of geo-

metric spatial organization of fi ber paths. At 

present it is diffi cult to decide whether three 

chemotactic gradients are the basis for the 

three families of vector fi elds observed by 

the authors, and whether other constraints 

of this theorem are fulfi lled. If this “three-

families hypothesis” as geometric principle 

holds true, procedures to map neural fi ber 
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Genetic topography, gradation, and cytoarchitecture. Regional organization of the human frontal lobe is shown accord-
ing to the gradation hypothesis (A), genetic topography (B), and cytoarchitecture (C). Corresponding regions are high-
lighted with colors. Dark black lines represent sulci; thin gray lines mark boundaries of the zones. Blue, red, and green 
arrows label the architectonic gradation streams from the cingulate cortex, the central sulcus, and the insular cortex, 
respectively. Regions in (A): FmZ, frontomotoric zone; FoZ, fronto-opercular zone; FpZ, frontopolar zone; PmZ, paramotoric 
zone; PoZ, paraopercular zone. Regions in (B): 1, motor-premotor cluster; 2, dorsolateral-prefrontal cluster; 4, orbitofron-
tal cluster; 5, opercular-subcentral cluster. In (C), numerals indicate Brodmann areas ( 6) (regions defi ned according to the 
structure and organization of cells).
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A Single Spin Feels the Vibrations
PHYSICS

Philipp Treutlein

The vibrations of a cantilever with a magnetic 

tip can be detected by changes in the electronic 

spin state of a defect embedded in a nearby 

diamond surface.

        M
echanical resonators find wide-

spread applications as precision 

force sensors, the most promi-

nent example being the atomic force micro-

scope (AFM). Coupling the vibrations of a 

mechanical resonator to a fully controlled, 

microscopic quantum system such as a sin-

gle spin presents a strategy for detecting and 

even controlling mechanical vibrations in the 

quantum regime. The resulting hybrid quan-

tum system would offer new perspectives for 

precision force sensing and tests of quantum 

mechanics on a macroscopic scale. On page 

1603 of this issue, Kolkowitz et al. ( 1) have 

taken a fi rst step toward such coupled spin-

resonator systems by using a single electronic 

spin to sense mechanical vibrations of an 

AFM cantilever with a magnetic tip.

Observing and manipulating quantum 

behavior of mechanical objects is a goal cur-

rently being pursued through several differ-

ent experimental approaches ( 2). Although 

quantum-level control over mechanical 

vibrations is routinely achieved for atomic-

scale objects such as trapped ultracold atoms 

and ions ( 3), achieving a similar level of con-

trol over microstructured mechanical reso-

nators such as cantilevers, beams, and mem-

branes is far more challenging. Observing 

quantum behavior with a mechanical reso-

nator that is visible to the naked eye, such 

as an AFM cantilever, would not only be a 

beautiful confi rmation of quantum theory 

but may also lead to novel applications in 

precision force sensing ( 4).

In order to observe quantum behavior, 

the resonator must be cooled to suffi ciently 

low temperatures to avoid thermally excited 

vibrations. Equally important, tools are 

needed to read out the resonator and to deter-

mine and possibly even control its quantum 

state. One strategy is to couple the mechani-

cal resonator to a microscopic quantum sys-

tem, ideally a single two-level system (a 

“qubit”) that can be fully controlled quantum 

mechanically and can be read out effi ciently. 

In a recent landmark experiment ( 5), a super-

conducting phase qubit was coupled to an 

internal mechanical vibration of a piezo-

electric resonator at millikelvin temperatures 

and used for preparation and detection of 

nonclassical quantum states. The coherence 

lifetimes of the qubit and resonator quantum 

states were in the nanosecond range, and it 

is desirable to achieve similar con-

trol in other systems with longer 

coherence lifetimes. Moreover, 

from a standpoint of applications 

in force sensing, it is important 

to achieve quantum-level control 

over the fundamental center-of-

mass vibration of a cantilever res-

onator, as used in an AFM. A num-

ber of different qubit-cantilever systems are 

currently being investigated for this purpose, 

involving systems from solid-state physics 

( 6) as well as ultracold atoms and ions ( 7).

The spin of a single nitrogen vacancy 

(NV) center in diamond—the qubit system 

used by Kolkowitz et al.—is very promis-

ing. Its quantum state can be initialized and 

read out optically, it can be manipulated by 

applying microwave radiation, and it shows 

remarkably long coherence times—up to a 

few milliseconds even at room temperature 

( 8). The spin can be coupled to the vibrations 

of a cantilever ( 9) by attaching a tiny magnet 

to the cantilever tip and positioning it near the 

diamond surface (see the fi gure). The strong 

magnetic field gradient that is produced 

translates the vibrations of the cantilever into 

an oscillating magnetic fi eld, which couples 
Department of Physics, University of Basel, Basel, Switzer-
land. E-mail: philipp.treutlein@unibas.ch

AFM cantilever

Magnetized tip

Diamond chip

NV spin

θ

Laser

Spin fl ips in sync with vibrations. A 
single spin in a diamond crystal can be 
used to read out the vibrations of an AFM 
cantilever. The magnetized cantilever tip 
induces a coupling between the cantile-
ver vibrations and the spin resulting in a 
spin rotation by an angle θ. The quan-
tum state of the spin is subsequently 
detected with a laser.
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tracts can be constrained, which might make 

it easier to avoid the limitations of current 

algorithms and to validate different tracking 

techniques (across scales, across subjects, 

across species, etc.).

A common view that arises from the stud-

ies of both Chen et al. and Wedeen et al. is the 

idea of the brain as a regionally highly differ-

entiated, but hierarchically and geometrically 

organized, spatial structure. Detailed aspects 

of this “canonical brain organization” can 

be modified by environmental conditions 

including pathology and genetic diversity. 

Mathematical methods such as hierarchical 

clustering and differential geometry can help 

us to understand the principles behind vari-

able phenotypes and to guide the develop-

ment of a realistic brain model. 
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