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INVARIANTS IN THE (orTeX MORE C(ORTICAL INVARIANTS .
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MICROSCOP(C CONNECTIVITY
SCALING LARS
SCALE TRANSFORHMATIONS LEAVING THE ABOVE
DPENSITIES INVARIANT AVERAGE CONNEBCTIVITY BETWEEN NEURONS.
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TROBABILITY OF CoNNECTeN BETWEEN MODPULE
(N AREA A AND THE RNHoLE ATReA R.
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PROBABILITY  THAT AREA A (eNNEcTS B:
SCALING OF BASIC (CoRTICAL
e /2
Q=1- (-7 = CHARACTERISTICS  WITH BRAWN SITEZ
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= | = enp (- 245
5 How DoesS CoNMNECTIVITY & BETWEEN (ORTICAL

EXPONENT (5 AVERAGE | ypens DEPEND ON TKE RRAN SIZE !
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SCALING OF AREA C(CONNECTEDNESS

NITH  BRAIN  SIZE

Q,:‘ | — e_x?(—-AU;J

WHERE
5= Z((?H.I) j A Is BraN SIZE  (MpEPEN.
CoN STANT
e o= -028 For (3= b 0.2¢
e 5=~ O For. B=0Y
AREA CONNECTEDNESS 1§ EITHER OMNLY

NEAK(LY DEPENDENT OR (NDEPENDENT OF
THE BRAIN fize,

EXAMPLE S OF TRADE-OFF

® LOCAL INFORHATION TRANIFEZR

® GLORAL INFolthATloN PROCESSING
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BRAIN RESOURCES

e RELIEF THAT CEREBRAL CoRTEX IS
DESIGNED v SutH A WAY As TO
SAVE LIMITED BloCHEKICAL RESOURCES

(cavallin).

o AYonNS (NIRE) — PRIME TARGET OF
SAVING (N TUE BRAIN = SINCE THEY
ARE (NPORTANT (N LoNG DISTANCE
COMUWUNICATIoN  BETWEEN  AREAS,

® PRINCIPLE OF WINIMAL AXoN LENGTH:
CANDIDATE FoR AN OPTIMAL WIR(NG
(M\TCHUON"Bf/ CHERNIAK '%') VAN
c—sseu’fﬁ)

® ENERGETIC (!u-:‘rmsouc) CoST OF (NFORMATION

NUMBER OF STEPS NEEDED To (ONNECT
A AUD B
/\ O\/ 4 O
A 'L Cl;toh: B
scdv}nfse
HETABOLIc (OST OF INEORMATION TRANSFER

~ AVERAGE

PRORLEM

THE PRINCIPLE OF HINIMAL Axon
LENGTH DoEsS NOT TAKE
EMERGETIC (oNSTRAINTS

INTO ACCounT

INVOLVED (N
INFORMATION TRANSFER OVER LONG-
PISTANCES,

HoWw To MEASURE

ENERGETIC CosT 1

TRANSFER RETWEEN NEURONS A AND B
|s ProPORTIONAL TO THE®E AVERAGE

PEGCREE COF SEPARATION

BETHWEEN NEURONS,
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NIR(ING

OPTIMAL

BlOCHEMICAL

CoST

@ AXoN LENGTH

® DEGREE OF SEPARATION TBETHWEEN

ENERGETIC (CoST

>

NEURON S

AXONA L
DPEGREE OF

BoTH

OPTIMAL RIRING

AND AVERAGE

LENGTH

SHouL)

(EPARATION RETWEEN NEURONCS

BE AS

SMALL AS TPOSSIBLE.

"IF You SAVE ON SOMETHING You LOSE
ON SOMETHING ELSE "

® AXON LENGTH AMND THE DEGREE OF
SEPARATION RETWNEEN NEURCONS ARE

INVERSELY PROPORTIONAL,

SHALLER AXoN LENGTH =D LARGER THE
PEGREE OF SEPARATION AND VICE VERIA

{

SMALLER BlOCHEMICAL C(OST => LARGER
MeTABOLIC COST OF (NFORHA TloN
TRANSFER AND VICE VERISA,
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DEGREE OF SEPARATION
¥
Se(x) — PROBABILITY OF k- STE? ConNNECTION
BETNEEN NEURONS SEPARATED BY S (els) 5) S [ | L.f?-‘f;‘
e \ Y8}, 2] ———2 _ '
v VIA AT LEAST ONE PATH O , k<X
A\
4 \\ &
/‘\ N \/7 THE SHALLEST NUMBER OF STEPS NEEDED
I ""\‘ To C(onNNECT 2 NEURONS IS é—kﬂj
T —
<« ‘3
\/.\\\ /“ ‘2 AV
e
THE AVERAGE DEGREE OF SEPARATION

Sk('(): \ —

s bl

{7[ — (%) F(" %)... p(¥-% s )

’\lk = (5\1_‘?’\ (k“'")t

e~ | — NUMKBER OF ALL POSSIBLE PATHS

CONNECTING 2 MNEURONS N k-STEPS

OF INFINITE NETAORK
<N IN THE UIRT N
s GIVEN BY THE SHALLEST (NTEGER
SATISFYING  <ND > 4
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covcrLu SloN

IF You MIMMIZE THE DEGRTE OF SEPARATION
‘Yo HMAX(HMIZE AXONAL LENGTH AND VICE VERNA.

7
L

TRADE-OFF

TLATEAUS — IN N> HAy REDUCE THE CoiT
OF FIRER LENnGTH L.

EFE(CIENT

OF THE
ACCoW PLISH

IN FORhATeN |
ATienAL  PoUER,
GRA(WED

HALN
Is To

NHLCH

NUHNBER OF ARETAS
PosSIBLE

THs

COHPUTATIION (N CORTEX

OBTECTIVES BREAINS

Pro CESS VAROU TS

GoAL CAN [BE ACHIEZEVED
BY TPOSMES (NG A CERTAIN LEVEL OF (oRPvT-
[F

HA CTRo SCo PLC

NE FOCUS ON (OARSE —
DESCERIPTION THEN F&uw
FUNCTIoNAL /ARCKITECTOMC PRIV CIPLES CAN RE
IDENTIFILED

eEFFICIENTLY

BRA(NS HAVE To MEET
PROCESS (NFoRuATON -
LHoULD (v CEEBASE AS QUICKkLTY

KITH THE BRAN SI2E,

SHouLd Tey To
ARzA (ONN ECTEDNTESS

INTER - HEMISPHERIC TEHPORAL
SHoulD NoT

Le

—_— A

v

(NCREASE

[

STH TBrRACN

d «— axon DIAMETER

HAINTA(N A CONSTANT
REGARDLESS OF THE(R SI2Z,
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CONFLICTING CONSTRAINTS BETTER STRATEGY To OPTIH(ZE
TRADE — OFF .

FRoH WHITE MATTER VoLUME,

REDUCE EXCESS L .
V,~ NL,d TO REPULE ESSIVE  SCALING V, WITH VJ
# SLonNER (NCREASE oF K L\TH BRAIN N2

UH\TC/(:FAY MATTER RATIO ® SLOW (NCREAIE o©oF T HITH BRRAIN MZE

& S_Lol DECREASE oF Q WITH BRAIN SIZE

) SUCH STRATEGY SEENS To

5

/

é/ BE Takenw Br BpAn devELo?,
IF  THE ABeVE 3 HYPOTHETICAL GLOBAL Stvee

FUNCTONVAL  PRIMUPLES  WERE  SATISEIED

T ~ Lm ~ \/O'z'

S(HuL.TANEousUr/ TrenN  THE UHITE HATTER 1

VoLUuMEe HoULD HAVE TO GROW EXCESSIVELY R~ Vﬁ\o'zx
!

NitTH G T
RAy HATTER DUE To TAMT GRowTk THIS  COMPROMIZE  MHIGHT LEAD TO SLIGHT

3

CAPABILITIES OF THZ BRAIN AS |IT GTTS
BlGGER _ |
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METARBOLIC (OST OF THE

NHOLE CORTEX

How HANY SYNAPSES IS ACTIVE AT

RESTING ConNDlTions 7

EN,FNH «-f_ﬁ\/%

ENERGY FRACTION OF EXcITAT
SrNAPYES
—0.\5
E~ V- \ °¥
a ~ \/3 (_'Hammu, 18932)
( F ~ V—o'z

%

AS  BRAIN GETS RBIGGER LELATIVELY LESS
STNAPSES 1S geTive |

SUMMARY

ARCHITECTURE AND SI2E  oF THE C(EREBPAL

CORTEX ARE SHAPED BY DIFFERENT (onNSTRAINTS

NITH  CONFLICT/ING OUTCOMES.

DESPITE  THIs COMPETING CONSTRAINTS
J

EvoLuTieNn  HAS FoUND WAYS TO DpEVELOP

FUNCTIONAL BRA«MS/ NHRicH ReEPRESENT

A BALANCED DESIGN THAT IS5 (N SoME

SENSE  OPTIMAL .




