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Outline 
•  Concept of associative memory approach 

for the hardware based tracking!

•  FTK system overview !

•  Details of technical challenges!
– ATCA based data formatter 

– Associative Memory implementation in FTK!
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LHC ATLAS experiment 
Tracking :    Pixel, Silicon Strip, Transition Radiation Tracker 
Calorimeter :  LAr & Scintillator 
Muon :      Drift Tube, Resistive Plate Chamber, Thin Gap Chamber 
( Magnets :    Solenoid (2T) & 3 Toroids (2Tm-8Tm) ) 

Objects Reconstruction 
ü  electrons 
ü  photons 
ü  muons 
ü  hadronic taus 
ü  jets 
ü  b-jets 
ü  missing ET 

Trigger 
ü  Level 1  : 100kHz 
ü  Higher Level Trigger 
(HLT)  : 1kHz 
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Silicon detector at inner tracker 
Silicon Pixel!

ü  Pixel Size : 50um x 250um (400um, 600um)!
ü  4 Barrel Layers & 3 Endcap Disks!

ü  ~90 Million Channels !

Silicon Micro-strip !
(Semi Conductor Tracker or SCT)!

ü  Strip Width : 80um (Length 6.4cm)!
ü  4 Barrel Layers & 9 Endcap Disks!

ü  Stereo angle : 40mrad !
ü  6.3 Million Channels!

40mrad	

80um	

6.4cm	
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Physics application 

•  Inner tracker is used for tracking & vertexing!
–  Reconstruct and characterize charged particle trajectory!
–  Vertex reconstruction, telling activities from interesting collisions!
–  Input for particle identification (electron / muon / tau / b-jet)!

Useful not only offline analysis but also triggering especially !
to maintain efficient physics analysis with higher luminosity in 

Run2 & 3 

Beam luminous region ~10cm	
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Fast track finding is challenging 
•  Tracking consists of two parts :!

–  Track finding (or pattern recognition) with coarse resolution!
–  Track fitting for found patterns with full hit resolution 

!
•  Track finding in limited latency of the trigger is the major challenge !

–  The number of hit combinations that have to be tested increases like Ln, where L 
is the instantaneous luminosity and n is the number of silicon layers!

!
!

Associative memory approach allows 
fast track finding applicable to the triggers 

1 candidate	 2 x 2 = 4 candidates 	
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Associative memory for track finding 
NIM A278 (1989) 436-440 	

30 
Trigger in HEP - Ted Liu!

A slide from Luciano Ristori!
at TIPP 2011 conference!
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Nuc l ea r I ns t rumen t s and Me t hods i n Phys i cs Resea r ch A278 (1989) 436 - 440
Nor t h - Ho l l and , Ams t e rdam

VLS I STRUCTURES FOR TRACK F I ND I NG

Mauro DELL ' ORSO

D i pa r t i men t o d i F i s i ca , Un i ve r s i t à d i P i sa , P i az za Tor r i ce l l i 2 , 56100 P i sa , I t a l y

Luc i ano R I STOR I
I NFN Sez i one d i P i sa , V i a Vecch i a L i vornese 582a , 56010 S. P i e ro a Gr ado (P I ) , I t a l y

Rece i ved 24 Oc t obe r 1988

We d i scuss t he a r ch i t ec t ur e o f a dev i ce based on t he concep t o f assoc i a t i ve memor y des i gned t o so l ve t he t r ack f i nd i ng prob l em ,
t yp i ca l o f h i gh ene rgy phys i cs expe r i men t s , i n a t i me span o f a f ew m i c roseconds even f or ve r y h i gh mu l t i p l i c i t y even t s . Th i s
" mach i ne " i s i mp l emen t ed as a l a rge a r r ay o f cus t om VLS I ch i ps. A l l t he ch i ps a r e equa l and each o f t hem s t or es a numbe r o f
" pa t t e rns " . A l l t he pa t t e rns i n a l l t he ch i ps a r e compa r ed i n pa r a l l e l t o t he da t a com i ng f rom t he de t ec t or wh i l e t he de t ec t or i s be i ng
r ead ou t .

1 . I n t roduc t i on

The qua l i t y o f r esu l t s f rom pr esen t and f u t ur e h i gh
ene rgy phys i cs expe r i men t s depends t o some ex t en t on
t he i mp l emen t a t i on o f f as t and e f f i c i en t t r ack f i nd i ng
a l gor i t hms . The de t ec t i on o f heavy f l avor produc t i on ,
f or examp l e , depends on t he r econs t ruc t i on o f sec -
onda r y ve r t i ces gene r a t ed by t he decay o f l ong l i ved
pa r t i c l es , wh i ch i n t urn r equ i r es t he r econs t ruc t i on o f
t he ma j or i t y o f t he t r acks i n eve r y even t .

Pa r t i cu l a r l y appea l i ng i s t he poss i b i l i t y o f hav i ng
de t a i l ed t r ack i ng i n f orma t i on ava i l ab l e a t t r i gge r l eve l
even f or h i gh mu l t i p l i c i t y even t s . Th i s i n f orma t i on cou l d
be used t o se l ec t even t s based on i mpac t pa r ame t e r or
seconda r y ve r t i ces . I f we cou l d do t h i s i n a su f f i c i en t l y
shor t t i me we wou l d s i gn i f i can t l y enr i ch t he samp l e o f
even t s con t a i n i ng heavy f l avor s .

Typ i ca l even t s f ea t ur e up t o seve r a l t ens o f t r acks
each o f t hem t r ave r s i ng a f ew pos i t i on sens i t i ve de t ec t or
l aye r s . Each l aye r de t ec t s many h i t s and we mus t cor -
r ec t l y cor r e l a t e h i t s be l ong i ng t o t he same t r ack on
d i f f e r en t l aye r s be f or e we can compu t e t he pa r ame t e r s
o f t he t r ack . Th i s t ask i s t yp i ca l l y t i me consum i ng : i t i s
usua l l y so l ved us i ng " cons t r a i n t equa t i ons " wh i ch app l y
t o h i t s f rom t he same t r ack and go i ng t hrough a l a rge
numbe r o f d i f f e r en t h i t comb i na t i ons us i ng a " t r i a l and
e r ror " approach .

We propose he r e t o use mode rn VLS I t echno l ogy t o
bu i l d a dev i ce capab l e o f so l v i ng t he pa t t e rn r ecogn i t i on
prob l em i n a t i me span o f a f ew m i c roseconds even f or
t he mos t comp l i ca t ed even t s .

0168 - 9002 / 89 / $03 . 50 C E l sev i e r Sc i ence Pub l i she r s B . V .
(Nor t h - Ho l l and Phys i cs Pub l i sh i ng D i v i s i on )

2 . The de t ec t or

I n t h i s d i scuss i on we w i l l assume t ha t our de t ec t or
cons i s t s o f a numbe r o f l aye r s , each l aye r be i ng seg -
men t ed i n t o a numbe r o f b i ns . When cha rged pa r t i c l es
c ross t he de t ec t or t hey h i t one b i n pe r l aye r . No pa r t i cu -
l a r assump t i on i s made on t he shape o f t r a j ec t or i es :
t hey cou l d be s t r a i gh t or cur ved . A l so t he de t ec t or
l aye r s need no t be pa r a l l e l nor f l a t . Th i s abs t r ac t i on i s
mean t t o r epr esen t a who l e c l ass o f r ea l de t ec t or s (dr i f t
chambe r s , s i l i con m i c ros t r i p de t ec t or s e t c . ) . I n t he r ea l
wor l d t he coord i na t e o f each h i t w i l l ac t ua l l y be t he
r esu l t o f some compu t a t i on pe r f ormed on " r aw " da t a :
i t cou l d be t he cen t e r o f gr av i t y o f a c l us t e r or a cha rge
d i v i s i on i n t e rpo l a t i on or a dr i f t - t i me t o space conve r -
s i on depend i ng on t he pa r t i cu l a r c l ass o f de t ec t or we
a r e cons i de r i ng . We assume t ha t a l l t hese ope r a t i ons a r e
pe r f ormed ups t r eam and t ha t t he r esu l t i ng coord i na t es
a r e " b i nned " i n some way be f or e be i ng t r ansm i t t ed t o
our dev i ce .

3 . The pa t t e rn bank

For each even t we know wh i ch b i ns have been h i t
and f rom t h i s i n f orma t i on we wan t t o r econs t ruc t t he
t r a j ec t or i es o f a l l t he pa r t i c l es . We ca l l t h i s process
t r ack f i nd i ng .

The prob l em o f t r ack f i nd i ng can be so l ved , a t l eas t
concep t ua l l y , by a " bru t e f or ce " approach . We cons i de r
a l l t he poss i b l e t r acks t ha t go t hrough our de t ec t or .

Original idea proposed in 1980’s	
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Concept of associative memory 
•  Comparison between predefined hit 

pattern for tracks and detected hit pattern 

Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We

m

The Pa t t e rn Bank
- - - - - - - - - - - - - - - - - - - - - - - - - - - -

�

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

F i g . 1 . S t r a i gh t t r acks t r ave r s i ng f our pa r a l l e l de t ec t or l aye r s .

M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .

437

The pa t t e rn ma t ch i ng a l gor i t hm can be eas i l y i mp l e -
men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
t e rns can be compa r ed t o t he even t i ndependen t l y and
i n any orde r ; i n pa r t i cu l a r , any numbe r o f compa r i sons
can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he

Predefined hit patterns 
(pattern bank) 
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Track Pattern “Bank” 

Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
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The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .

437

The pa t t e rn ma t ch i ng a l gor i t hm can be eas i l y i mp l e -
men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
t e rns can be compa r ed t o t he even t i ndependen t l y and
i n any orde r ; i n pa r t i cu l a r , any numbe r o f compa r i sons
can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he

1 	2 	3 	4 	5 	6 	7 	8 	

5 @ Layer1 	

4 @ Layer2	

2 @ Layer4 	

3 @ Layer3 	
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Track Pattern “Bank” 

Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We

m

The Pa t t e rn Bank
- - - - - - - - - - - - - - - - - - - - - - - - - - - -

�

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

F i g . 1 . S t r a i gh t t r acks t r ave r s i ng f our pa r a l l e l de t ec t or l aye r s .

M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .

437

The pa t t e rn ma t ch i ng a l gor i t hm can be eas i l y i mp l e -
men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
t e rns can be compa r ed t o t he even t i ndependen t l y and
i n any orde r ; i n pa r t i cu l a r , any numbe r o f compa r i sons
can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he

1 	2 	3 	4 	5 	6 	7 	8 	

6 @ Layer1 	

5 @ Layer2	

2 @ Layer4 	

3 @ Layer3 	

11	



/53	

Track Pattern “Bank” 

Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We

m

The Pa t t e rn Bank
- - - - - - - - - - - - - - - - - - - - - - - - - - - -

�

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

F i g . 1 . S t r a i gh t t r acks t r ave r s i ng f our pa r a l l e l de t ec t or l aye r s .

M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .

437

The pa t t e rn ma t ch i ng a l gor i t hm can be eas i l y i mp l e -
men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
t e rns can be compa r ed t o t he even t i ndependen t l y and
i n any orde r ; i n pa r t i cu l a r , any numbe r o f compa r i sons
can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he

1 	2 	3 	4 	5 	6 	7 	8 	

2 @ Layer1 	

2 @ Layer2	

3 @ Layer4 	

2 @ Layer3 	
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Track Pattern “Bank” 

Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We

m

The Pa t t e rn Bank
- - - - - - - - - - - - - - - - - - - - - - - - - - - -

�

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

F i g . 1 . S t r a i gh t t r acks t r ave r s i ng f our pa r a l l e l de t ec t or l aye r s .

M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .

437

The pa t t e rn ma t ch i ng a l gor i t hm can be eas i l y i mp l e -
men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
t e rns can be compa r ed t o t he even t i ndependen t l y and
i n any orde r ; i n pa r t i cu l a r , any numbe r o f compa r i sons
can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he

1 	2 	3 	4 	5 	6 	7 	8 	

3 @ Layer1 	

4 @ Layer2	

5 @ Layer4 	
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Associative Memory 
438

Ce l l o

Ce l l 1

Ce l l 2

Ce l l 3

M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

Laye r 1

�

Laye r 2

pa t t e rns t o t he even t a t once . To do t h i s we need a
spec i a l t ype o f assoc i a t i ve memor y t o s t or e t he pa t t e rn
bank : each ce l l o f t he memor y i s b i g enough t o ho l d one
pa t t e rn and has enough l og i c bu i l t i n t o compa r e i t s
con t en t s t o t he even t . A poss i b l e a r ch i t ec t ur e f or t h i s
dev i ce i s shown i n f i g . 3 . Each row r epr esen t s one ce l l
and i s des i gned t o s t or e one pa t t e rn . Each ce l l i s s t ruc -
t ur ed i n t o a numbe r o f words , one word pe r de t ec t or
l aye r ( f our o f t hem a r e shown ) . Each word s t or es t he
addr ess o f one h i t on t he cor r espond i ng l aye r . A l l t he
words i n a ce l l de f i ne a pa t t e rn by spec i f y i ng one h i t pe r
l aye r . The Da t a Bus connec t s a l l t he words i n t he same
l aye r , t h i s bus i s used t o l oad t he pa t t e rn da t a i n t o t he
memor y ce l l s dur i ng t he i n i t i a l i za t i on phase . Dur i ng
norma l ope r a t i on , f or eve r y even t , t he coord i na t es o f a l l
t he h i t s i n each l aye r a r e t r ansm i t t ed one a f t e r t he o t he r
on t he cor r espond i ng Da t a Bus ; a l l t he words con t i nu -
ous l y compa r e t he i r con t en t s t o wha t i s on t he bus and
i f a ma t ch i s f ound t he cor r espond i ng f l i p - f l op ( FF ) i s
se t . A f t e r a l l t he h i t s have been t r ansm i t t ed , any ce l l
t ha t has a l l t he f l i p - f l ops se t i s a t r ack cand i da t e be -
cause a l l t he h i t s t ha t de f i ne t ha t pa t t e rn a r e pr esen t i n
t he even t . The addr esses o f a l l t he t r ack cand i da t es a r e
t r ansm i t t ed sequen t i a l l y on t he Ou t pu t Bus. I t i s i m-

por t an t t o no t e t ha t each h i t needs t o be f ed i n t o t he
assoc i a t i ve memor y on l y once . When a h i t coord i na t e i s
p l aced on t he bus a l l t he f l i p - f l ops i n a l l t he ce l l s
con t a i n i ng t ha t h i t w i l l be se t s i mu l t aneous l y . Feed i ng a
who l e even t i n t o t he assoc i a t i ve memor y w i l l t ake a
t i me propor t i ona l t o t he numbe r o f h i t s and w i l l usua l l y
be pe r f ormed i n pa r a l l e l w i t h t he de t ec t or r eadou t . The
ac t ua l pa t t e rn r ecogn i t i on process t akes p l ace w i t h i n t he
assoc i a t i ve memor y dur i ng t he t i me needed t o ex t r ac t
t he i n f orma t i on f rom t he de t ec t or . By t he t i me a l l t he

Laye r 3

Da t a Bus 1

�

Da t a Bus 2

F i g . 3 . Assoc i a t i ve memor y a r ch i t ec t ur e .

5 . VLS I

6 . The AM ch i p

Laye r 4

i

~ f f l mm
l u i

111111111

�

111111111~~ 11111

Da t a Bus 3

�

Da t a Bus 4

m

h i t s have been r ead ou t , a l l t he t r ack i n f orma t i on i s a l so
ava i l ab l e .

Typ i ca l app l i ca t i ons r equ i r e a numbe r o f ce l l s o f t he
orde r o f 100k or mor e . The amoun t o f l og i c i nvo l ved
ru l es ou t t he poss i b i l i t y o f us i ng s t anda rd componen t s
and r equ i r es t he deve l opmen t o f appropr i a t e AS I Cs
(App l i ca t i on Spec i f i c I n t egr a t ed C i r cu i t s ) .

Us i ng t he pr esen t VLS I t echno l ogy , l a rge numbe r s
o f l og i c ga t es can be i n t egr a t ed on a s i ng l e ch i p . The
s t ruc t ur e we a r e propos i ng i s bas i ca l l y a l a rge a r r ay o f
ve r y s i mp l e ce l l s made o f a memor y b i t and a compa r a -
t or . A s i gn i f i can t e f f or t can be devo t ed t o t he des i gn
and op t i m i sa t i on o f t h i s ce l l i n t e rms o f s i l i con a r ea and
t h i s bas i c bu i l d i ng b l ock can t hen be assemb l ed i n t o
a r r ays o f d i f f e r en t s i ze . I n t h i s way we be l i eve we can
des i gn a CMOS ch i p w i t h 256 ce l l s o f 32 b i t s (4 p l anes
x 8 b i t s ) . We cou l d t hen i mp l emen t a sys t em w i t h 100k

ce l l s us i ng on l y 400 ch i ps .
A cha r ac t e r i s t i c o f VLS I t echno l ogy i s t ha t ch i ps can

be manu f ac t ur ed i n l a rge quan t i t i es a t r e l a t i ve l y l ow
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Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We
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wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .
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t e rns can be compa r ed t o t he even t i ndependen t l y and
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14	Note: demonstration with four layers (in real FTK system, we have 8 layers)	
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Ce l l o

Ce l l 1

Ce l l 2

Ce l l 3

M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

Laye r 1

�

Laye r 2

pa t t e rns t o t he even t a t once . To do t h i s we need a
spec i a l t ype o f assoc i a t i ve memor y t o s t or e t he pa t t e rn
bank : each ce l l o f t he memor y i s b i g enough t o ho l d one
pa t t e rn and has enough l og i c bu i l t i n t o compa r e i t s
con t en t s t o t he even t . A poss i b l e a r ch i t ec t ur e f or t h i s
dev i ce i s shown i n f i g . 3 . Each row r epr esen t s one ce l l
and i s des i gned t o s t or e one pa t t e rn . Each ce l l i s s t ruc -
t ur ed i n t o a numbe r o f words , one word pe r de t ec t or
l aye r ( f our o f t hem a r e shown ) . Each word s t or es t he
addr ess o f one h i t on t he cor r espond i ng l aye r . A l l t he
words i n a ce l l de f i ne a pa t t e rn by spec i f y i ng one h i t pe r
l aye r . The Da t a Bus connec t s a l l t he words i n t he same
l aye r , t h i s bus i s used t o l oad t he pa t t e rn da t a i n t o t he
memor y ce l l s dur i ng t he i n i t i a l i za t i on phase . Dur i ng
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h i t s have been r ead ou t , a l l t he t r ack i n f orma t i on i s a l so
ava i l ab l e .
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Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We
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M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y
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pa t t e rns t o t he even t a t once . To do t h i s we need a
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bank : each ce l l o f t he memor y i s b i g enough t o ho l d one
pa t t e rn and has enough l og i c bu i l t i n t o compa r e i t s
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h i t s have been r ead ou t , a l l t he t r ack i n f orma t i on i s a l so
ava i l ab l e .
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(App l i ca t i on Spec i f i c I n t egr a t ed C i r cu i t s ) .
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Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We
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A f a i r l y good approx i ma t i on i s
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4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
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t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n
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= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .

437

The pa t t e rn ma t ch i ng a l gor i t hm can be eas i l y i mp l e -
men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
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need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .
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The pa t t e rn ma t ch i ng a l gor i t hm can be eas i l y i mp l e -
men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
t e rns can be compa r ed t o t he even t i ndependen t l y and
i n any orde r ; i n pa r t i cu l a r , any numbe r o f compa r i sons
can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he

Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We
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wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he
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pa t t e rns t o t he even t a t once . To do t h i s we need a
spec i a l t ype o f assoc i a t i ve memor y t o s t or e t he pa t t e rn
bank : each ce l l o f t he memor y i s b i g enough t o ho l d one
pa t t e rn and has enough l og i c bu i l t i n t o compa r e i t s
con t en t s t o t he even t . A poss i b l e a r ch i t ec t ur e f or t h i s
dev i ce i s shown i n f i g . 3 . Each row r epr esen t s one ce l l
and i s des i gned t o s t or e one pa t t e rn . Each ce l l i s s t ruc -
t ur ed i n t o a numbe r o f words , one word pe r de t ec t or
l aye r ( f our o f t hem a r e shown ) . Each word s t or es t he
addr ess o f one h i t on t he cor r espond i ng l aye r . A l l t he
words i n a ce l l de f i ne a pa t t e rn by spec i f y i ng one h i t pe r
l aye r . The Da t a Bus connec t s a l l t he words i n t he same
l aye r , t h i s bus i s used t o l oad t he pa t t e rn da t a i n t o t he
memor y ce l l s dur i ng t he i n i t i a l i za t i on phase . Dur i ng
norma l ope r a t i on , f or eve r y even t , t he coord i na t es o f a l l
t he h i t s i n each l aye r a r e t r ansm i t t ed one a f t e r t he o t he r
on t he cor r espond i ng Da t a Bus ; a l l t he words con t i nu -
ous l y compa r e t he i r con t en t s t o wha t i s on t he bus and
i f a ma t ch i s f ound t he cor r espond i ng f l i p - f l op ( FF ) i s
se t . A f t e r a l l t he h i t s have been t r ansm i t t ed , any ce l l
t ha t has a l l t he f l i p - f l ops se t i s a t r ack cand i da t e be -
cause a l l t he h i t s t ha t de f i ne t ha t pa t t e rn a r e pr esen t i n
t he even t . The addr esses o f a l l t he t r ack cand i da t es a r e
t r ansm i t t ed sequen t i a l l y on t he Ou t pu t Bus. I t i s i m-

por t an t t o no t e t ha t each h i t needs t o be f ed i n t o t he
assoc i a t i ve memor y on l y once . When a h i t coord i na t e i s
p l aced on t he bus a l l t he f l i p - f l ops i n a l l t he ce l l s
con t a i n i ng t ha t h i t w i l l be se t s i mu l t aneous l y . Feed i ng a
who l e even t i n t o t he assoc i a t i ve memor y w i l l t ake a
t i me propor t i ona l t o t he numbe r o f h i t s and w i l l usua l l y
be pe r f ormed i n pa r a l l e l w i t h t he de t ec t or r eadou t . The
ac t ua l pa t t e rn r ecogn i t i on process t akes p l ace w i t h i n t he
assoc i a t i ve memor y dur i ng t he t i me needed t o ex t r ac t
t he i n f orma t i on f rom t he de t ec t or . By t he t i me a l l t he
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h i t s have been r ead ou t , a l l t he t r ack i n f orma t i on i s a l so
ava i l ab l e .

Typ i ca l app l i ca t i ons r equ i r e a numbe r o f ce l l s o f t he
orde r o f 100k or mor e . The amoun t o f l og i c i nvo l ved
ru l es ou t t he poss i b i l i t y o f us i ng s t anda rd componen t s
and r equ i r es t he deve l opmen t o f appropr i a t e AS I Cs
(App l i ca t i on Spec i f i c I n t egr a t ed C i r cu i t s ) .

Us i ng t he pr esen t VLS I t echno l ogy , l a rge numbe r s
o f l og i c ga t es can be i n t egr a t ed on a s i ng l e ch i p . The
s t ruc t ur e we a r e propos i ng i s bas i ca l l y a l a rge a r r ay o f
ve r y s i mp l e ce l l s made o f a memor y b i t and a compa r a -
t or . A s i gn i f i can t e f f or t can be devo t ed t o t he des i gn
and op t i m i sa t i on o f t h i s ce l l i n t e rms o f s i l i con a r ea and
t h i s bas i c bu i l d i ng b l ock can t hen be assemb l ed i n t o
a r r ays o f d i f f e r en t s i ze . I n t h i s way we be l i eve we can
des i gn a CMOS ch i p w i t h 256 ce l l s o f 32 b i t s (4 p l anes
x 8 b i t s ) . We cou l d t hen i mp l emen t a sys t em w i t h 100k

ce l l s us i ng on l y 400 ch i ps .
A cha r ac t e r i s t i c o f VLS I t echno l ogy i s t ha t ch i ps can

be manu f ac t ur ed i n l a rge quan t i t i es a t r e l a t i ve l y l ow
cos t ; t he i npu t / ou t pu t a r ch i t ec t ur e o f our ch i p shou l d
t hen be des i gned t o f ac i l i t a t e t he assemb l i ng o f many o f
t hem i n t o a r r ays o f a rb i t r a r y s i ze . One poss i b l e so l u t i on
i s desc r i bed i n t he f o l l ow i ng sec t i ons .

F i g . 4 shows t he assoc i a t i ve memor y (AM) ch i p and
i t s i npu t / ou t pu t s i gna l s.

Layer 1	 Layer 2	 Layer 3	 Layer 4	
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Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We
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M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .
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The pa t t e rn ma t ch i ng a l gor i t hm can be eas i l y i mp l e -
men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
t e rns can be compa r ed t o t he even t i ndependen t l y and
i n any orde r ; i n pa r t i cu l a r , any numbe r o f compa r i sons
can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he
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and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We
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M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .
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men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
t e rns can be compa r ed t o t he even t i ndependen t l y and
i n any orde r ; i n pa r t i cu l a r , any numbe r o f compa r i sons
can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he
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Ce l l o

Ce l l 1

Ce l l 2

Ce l l 3

M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

Laye r 1

�

Laye r 2

pa t t e rns t o t he even t a t once . To do t h i s we need a
spec i a l t ype o f assoc i a t i ve memor y t o s t or e t he pa t t e rn
bank : each ce l l o f t he memor y i s b i g enough t o ho l d one
pa t t e rn and has enough l og i c bu i l t i n t o compa r e i t s
con t en t s t o t he even t . A poss i b l e a r ch i t ec t ur e f or t h i s
dev i ce i s shown i n f i g . 3 . Each row r epr esen t s one ce l l
and i s des i gned t o s t or e one pa t t e rn . Each ce l l i s s t ruc -
t ur ed i n t o a numbe r o f words , one word pe r de t ec t or
l aye r ( f our o f t hem a r e shown ) . Each word s t or es t he
addr ess o f one h i t on t he cor r espond i ng l aye r . A l l t he
words i n a ce l l de f i ne a pa t t e rn by spec i f y i ng one h i t pe r
l aye r . The Da t a Bus connec t s a l l t he words i n t he same
l aye r , t h i s bus i s used t o l oad t he pa t t e rn da t a i n t o t he
memor y ce l l s dur i ng t he i n i t i a l i za t i on phase . Dur i ng
norma l ope r a t i on , f or eve r y even t , t he coord i na t es o f a l l
t he h i t s i n each l aye r a r e t r ansm i t t ed one a f t e r t he o t he r
on t he cor r espond i ng Da t a Bus ; a l l t he words con t i nu -
ous l y compa r e t he i r con t en t s t o wha t i s on t he bus and
i f a ma t ch i s f ound t he cor r espond i ng f l i p - f l op ( FF ) i s
se t . A f t e r a l l t he h i t s have been t r ansm i t t ed , any ce l l
t ha t has a l l t he f l i p - f l ops se t i s a t r ack cand i da t e be -
cause a l l t he h i t s t ha t de f i ne t ha t pa t t e rn a r e pr esen t i n
t he even t . The addr esses o f a l l t he t r ack cand i da t es a r e
t r ansm i t t ed sequen t i a l l y on t he Ou t pu t Bus. I t i s i m-

por t an t t o no t e t ha t each h i t needs t o be f ed i n t o t he
assoc i a t i ve memor y on l y once . When a h i t coord i na t e i s
p l aced on t he bus a l l t he f l i p - f l ops i n a l l t he ce l l s
con t a i n i ng t ha t h i t w i l l be se t s i mu l t aneous l y . Feed i ng a
who l e even t i n t o t he assoc i a t i ve memor y w i l l t ake a
t i me propor t i ona l t o t he numbe r o f h i t s and w i l l usua l l y
be pe r f ormed i n pa r a l l e l w i t h t he de t ec t or r eadou t . The
ac t ua l pa t t e rn r ecogn i t i on process t akes p l ace w i t h i n t he
assoc i a t i ve memor y dur i ng t he t i me needed t o ex t r ac t
t he i n f orma t i on f rom t he de t ec t or . By t he t i me a l l t he
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h i t s have been r ead ou t , a l l t he t r ack i n f orma t i on i s a l so
ava i l ab l e .

Typ i ca l app l i ca t i ons r equ i r e a numbe r o f ce l l s o f t he
orde r o f 100k or mor e . The amoun t o f l og i c i nvo l ved
ru l es ou t t he poss i b i l i t y o f us i ng s t anda rd componen t s
and r equ i r es t he deve l opmen t o f appropr i a t e AS I Cs
(App l i ca t i on Spec i f i c I n t egr a t ed C i r cu i t s ) .

Us i ng t he pr esen t VLS I t echno l ogy , l a rge numbe r s
o f l og i c ga t es can be i n t egr a t ed on a s i ng l e ch i p . The
s t ruc t ur e we a r e propos i ng i s bas i ca l l y a l a rge a r r ay o f
ve r y s i mp l e ce l l s made o f a memor y b i t and a compa r a -
t or . A s i gn i f i can t e f f or t can be devo t ed t o t he des i gn
and op t i m i sa t i on o f t h i s ce l l i n t e rms o f s i l i con a r ea and
t h i s bas i c bu i l d i ng b l ock can t hen be assemb l ed i n t o
a r r ays o f d i f f e r en t s i ze . I n t h i s way we be l i eve we can
des i gn a CMOS ch i p w i t h 256 ce l l s o f 32 b i t s (4 p l anes
x 8 b i t s ) . We cou l d t hen i mp l emen t a sys t em w i t h 100k

ce l l s us i ng on l y 400 ch i ps .
A cha r ac t e r i s t i c o f VLS I t echno l ogy i s t ha t ch i ps can

be manu f ac t ur ed i n l a rge quan t i t i es a t r e l a t i ve l y l ow
cos t ; t he i npu t / ou t pu t a r ch i t ec t ur e o f our ch i p shou l d
t hen be des i gned t o f ac i l i t a t e t he assemb l i ng o f many o f
t hem i n t o a r r ays o f a rb i t r a r y s i ze . One poss i b l e so l u t i on
i s desc r i bed i n t he f o l l ow i ng sec t i ons .

F i g . 4 shows t he assoc i a t i ve memor y (AM) ch i p and
i t s i npu t / ou t pu t s i gna l s.

Layer 1	 Layer 2	 Layer 3	 Layer 4	

Bus1!
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Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We
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wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .
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F i g . 2 . Roads and subroads .

437

The pa t t e rn ma t ch i ng a l gor i t hm can be eas i l y i mp l e -
men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
t e rns can be compa r ed t o t he even t i ndependen t l y and
i n any orde r ; i n pa r t i cu l a r , any numbe r o f compa r i sons
can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he

Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We
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wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .
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The pa t t e rn ma t ch i ng a l gor i t hm can be eas i l y i mp l e -
men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
t e rns can be compa r ed t o t he even t i ndependen t l y and
i n any orde r ; i n pa r t i cu l a r , any numbe r o f compa r i sons
can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he

Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
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Ce l l o

Ce l l 1

Ce l l 2

Ce l l 3

M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

Laye r 1

�

Laye r 2

pa t t e rns t o t he even t a t once . To do t h i s we need a
spec i a l t ype o f assoc i a t i ve memor y t o s t or e t he pa t t e rn
bank : each ce l l o f t he memor y i s b i g enough t o ho l d one
pa t t e rn and has enough l og i c bu i l t i n t o compa r e i t s
con t en t s t o t he even t . A poss i b l e a r ch i t ec t ur e f or t h i s
dev i ce i s shown i n f i g . 3 . Each row r epr esen t s one ce l l
and i s des i gned t o s t or e one pa t t e rn . Each ce l l i s s t ruc -
t ur ed i n t o a numbe r o f words , one word pe r de t ec t or
l aye r ( f our o f t hem a r e shown ) . Each word s t or es t he
addr ess o f one h i t on t he cor r espond i ng l aye r . A l l t he
words i n a ce l l de f i ne a pa t t e rn by spec i f y i ng one h i t pe r
l aye r . The Da t a Bus connec t s a l l t he words i n t he same
l aye r , t h i s bus i s used t o l oad t he pa t t e rn da t a i n t o t he
memor y ce l l s dur i ng t he i n i t i a l i za t i on phase . Dur i ng
norma l ope r a t i on , f or eve r y even t , t he coord i na t es o f a l l
t he h i t s i n each l aye r a r e t r ansm i t t ed one a f t e r t he o t he r
on t he cor r espond i ng Da t a Bus ; a l l t he words con t i nu -
ous l y compa r e t he i r con t en t s t o wha t i s on t he bus and
i f a ma t ch i s f ound t he cor r espond i ng f l i p - f l op ( FF ) i s
se t . A f t e r a l l t he h i t s have been t r ansm i t t ed , any ce l l
t ha t has a l l t he f l i p - f l ops se t i s a t r ack cand i da t e be -
cause a l l t he h i t s t ha t de f i ne t ha t pa t t e rn a r e pr esen t i n
t he even t . The addr esses o f a l l t he t r ack cand i da t es a r e
t r ansm i t t ed sequen t i a l l y on t he Ou t pu t Bus. I t i s i m-

por t an t t o no t e t ha t each h i t needs t o be f ed i n t o t he
assoc i a t i ve memor y on l y once . When a h i t coord i na t e i s
p l aced on t he bus a l l t he f l i p - f l ops i n a l l t he ce l l s
con t a i n i ng t ha t h i t w i l l be se t s i mu l t aneous l y . Feed i ng a
who l e even t i n t o t he assoc i a t i ve memor y w i l l t ake a
t i me propor t i ona l t o t he numbe r o f h i t s and w i l l usua l l y
be pe r f ormed i n pa r a l l e l w i t h t he de t ec t or r eadou t . The
ac t ua l pa t t e rn r ecogn i t i on process t akes p l ace w i t h i n t he
assoc i a t i ve memor y dur i ng t he t i me needed t o ex t r ac t
t he i n f orma t i on f rom t he de t ec t or . By t he t i me a l l t he
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h i t s have been r ead ou t , a l l t he t r ack i n f orma t i on i s a l so
ava i l ab l e .

Typ i ca l app l i ca t i ons r equ i r e a numbe r o f ce l l s o f t he
orde r o f 100k or mor e . The amoun t o f l og i c i nvo l ved
ru l es ou t t he poss i b i l i t y o f us i ng s t anda rd componen t s
and r equ i r es t he deve l opmen t o f appropr i a t e AS I Cs
(App l i ca t i on Spec i f i c I n t egr a t ed C i r cu i t s ) .

Us i ng t he pr esen t VLS I t echno l ogy , l a rge numbe r s
o f l og i c ga t es can be i n t egr a t ed on a s i ng l e ch i p . The
s t ruc t ur e we a r e propos i ng i s bas i ca l l y a l a rge a r r ay o f
ve r y s i mp l e ce l l s made o f a memor y b i t and a compa r a -
t or . A s i gn i f i can t e f f or t can be devo t ed t o t he des i gn
and op t i m i sa t i on o f t h i s ce l l i n t e rms o f s i l i con a r ea and
t h i s bas i c bu i l d i ng b l ock can t hen be assemb l ed i n t o
a r r ays o f d i f f e r en t s i ze . I n t h i s way we be l i eve we can
des i gn a CMOS ch i p w i t h 256 ce l l s o f 32 b i t s (4 p l anes
x 8 b i t s ) . We cou l d t hen i mp l emen t a sys t em w i t h 100k

ce l l s us i ng on l y 400 ch i ps .
A cha r ac t e r i s t i c o f VLS I t echno l ogy i s t ha t ch i ps can

be manu f ac t ur ed i n l a rge quan t i t i es a t r e l a t i ve l y l ow
cos t ; t he i npu t / ou t pu t a r ch i t ec t ur e o f our ch i p shou l d
t hen be des i gned t o f ac i l i t a t e t he assemb l i ng o f many o f
t hem i n t o a r r ays o f a rb i t r a r y s i ze . One poss i b l e so l u t i on
i s desc r i bed i n t he f o l l ow i ng sec t i ons .

F i g . 4 shows t he assoc i a t i ve memor y (AM) ch i p and
i t s i npu t / ou t pu t s i gna l s.

Layer 1	 Layer 2	 Layer 3	 Layer 4	

Bus1!
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Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
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4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .
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The pa t t e rn ma t ch i ng a l gor i t hm can be eas i l y i mp l e -
men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
t e rns can be compa r ed t o t he even t i ndependen t l y and
i n any orde r ; i n pa r t i cu l a r , any numbe r o f compa r i sons
can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he

Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We
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Laye r 1
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Laye r 2

pa t t e rns t o t he even t a t once . To do t h i s we need a
spec i a l t ype o f assoc i a t i ve memor y t o s t or e t he pa t t e rn
bank : each ce l l o f t he memor y i s b i g enough t o ho l d one
pa t t e rn and has enough l og i c bu i l t i n t o compa r e i t s
con t en t s t o t he even t . A poss i b l e a r ch i t ec t ur e f or t h i s
dev i ce i s shown i n f i g . 3 . Each row r epr esen t s one ce l l
and i s des i gned t o s t or e one pa t t e rn . Each ce l l i s s t ruc -
t ur ed i n t o a numbe r o f words , one word pe r de t ec t or
l aye r ( f our o f t hem a r e shown ) . Each word s t or es t he
addr ess o f one h i t on t he cor r espond i ng l aye r . A l l t he
words i n a ce l l de f i ne a pa t t e rn by spec i f y i ng one h i t pe r
l aye r . The Da t a Bus connec t s a l l t he words i n t he same
l aye r , t h i s bus i s used t o l oad t he pa t t e rn da t a i n t o t he
memor y ce l l s dur i ng t he i n i t i a l i za t i on phase . Dur i ng
norma l ope r a t i on , f or eve r y even t , t he coord i na t es o f a l l
t he h i t s i n each l aye r a r e t r ansm i t t ed one a f t e r t he o t he r
on t he cor r espond i ng Da t a Bus ; a l l t he words con t i nu -
ous l y compa r e t he i r con t en t s t o wha t i s on t he bus and
i f a ma t ch i s f ound t he cor r espond i ng f l i p - f l op ( FF ) i s
se t . A f t e r a l l t he h i t s have been t r ansm i t t ed , any ce l l
t ha t has a l l t he f l i p - f l ops se t i s a t r ack cand i da t e be -
cause a l l t he h i t s t ha t de f i ne t ha t pa t t e rn a r e pr esen t i n
t he even t . The addr esses o f a l l t he t r ack cand i da t es a r e
t r ansm i t t ed sequen t i a l l y on t he Ou t pu t Bus. I t i s i m-

por t an t t o no t e t ha t each h i t needs t o be f ed i n t o t he
assoc i a t i ve memor y on l y once . When a h i t coord i na t e i s
p l aced on t he bus a l l t he f l i p - f l ops i n a l l t he ce l l s
con t a i n i ng t ha t h i t w i l l be se t s i mu l t aneous l y . Feed i ng a
who l e even t i n t o t he assoc i a t i ve memor y w i l l t ake a
t i me propor t i ona l t o t he numbe r o f h i t s and w i l l usua l l y
be pe r f ormed i n pa r a l l e l w i t h t he de t ec t or r eadou t . The
ac t ua l pa t t e rn r ecogn i t i on process t akes p l ace w i t h i n t he
assoc i a t i ve memor y dur i ng t he t i me needed t o ex t r ac t
t he i n f orma t i on f rom t he de t ec t or . By t he t i me a l l t he
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h i t s have been r ead ou t , a l l t he t r ack i n f orma t i on i s a l so
ava i l ab l e .

Typ i ca l app l i ca t i ons r equ i r e a numbe r o f ce l l s o f t he
orde r o f 100k or mor e . The amoun t o f l og i c i nvo l ved
ru l es ou t t he poss i b i l i t y o f us i ng s t anda rd componen t s
and r equ i r es t he deve l opmen t o f appropr i a t e AS I Cs
(App l i ca t i on Spec i f i c I n t egr a t ed C i r cu i t s ) .

Us i ng t he pr esen t VLS I t echno l ogy , l a rge numbe r s
o f l og i c ga t es can be i n t egr a t ed on a s i ng l e ch i p . The
s t ruc t ur e we a r e propos i ng i s bas i ca l l y a l a rge a r r ay o f
ve r y s i mp l e ce l l s made o f a memor y b i t and a compa r a -
t or . A s i gn i f i can t e f f or t can be devo t ed t o t he des i gn
and op t i m i sa t i on o f t h i s ce l l i n t e rms o f s i l i con a r ea and
t h i s bas i c bu i l d i ng b l ock can t hen be assemb l ed i n t o
a r r ays o f d i f f e r en t s i ze . I n t h i s way we be l i eve we can
des i gn a CMOS ch i p w i t h 256 ce l l s o f 32 b i t s (4 p l anes
x 8 b i t s ) . We cou l d t hen i mp l emen t a sys t em w i t h 100k

ce l l s us i ng on l y 400 ch i ps .
A cha r ac t e r i s t i c o f VLS I t echno l ogy i s t ha t ch i ps can

be manu f ac t ur ed i n l a rge quan t i t i es a t r e l a t i ve l y l ow
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Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We
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wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .
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Ce l l o

Ce l l 1

Ce l l 2

Ce l l 3

M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

Laye r 1

�

Laye r 2

pa t t e rns t o t he even t a t once . To do t h i s we need a
spec i a l t ype o f assoc i a t i ve memor y t o s t or e t he pa t t e rn
bank : each ce l l o f t he memor y i s b i g enough t o ho l d one
pa t t e rn and has enough l og i c bu i l t i n t o compa r e i t s
con t en t s t o t he even t . A poss i b l e a r ch i t ec t ur e f or t h i s
dev i ce i s shown i n f i g . 3 . Each row r epr esen t s one ce l l
and i s des i gned t o s t or e one pa t t e rn . Each ce l l i s s t ruc -
t ur ed i n t o a numbe r o f words , one word pe r de t ec t or
l aye r ( f our o f t hem a r e shown ) . Each word s t or es t he
addr ess o f one h i t on t he cor r espond i ng l aye r . A l l t he
words i n a ce l l de f i ne a pa t t e rn by spec i f y i ng one h i t pe r
l aye r . The Da t a Bus connec t s a l l t he words i n t he same
l aye r , t h i s bus i s used t o l oad t he pa t t e rn da t a i n t o t he
memor y ce l l s dur i ng t he i n i t i a l i za t i on phase . Dur i ng
norma l ope r a t i on , f or eve r y even t , t he coord i na t es o f a l l
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h i t s have been r ead ou t , a l l t he t r ack i n f orma t i on i s a l so
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Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We
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M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y
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can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he

Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We

m

The Pa t t e rn Bank
- - - - - - - - - - - - - - - - - - - - - - - - - - - -

�

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

F i g . 1 . S t r a i gh t t r acks t r ave r s i ng f our pa r a l l e l de t ec t or l aye r s .

M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .

437

The pa t t e rn ma t ch i ng a l gor i t hm can be eas i l y i mp l e -
men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
t e rns can be compa r ed t o t he even t i ndependen t l y and
i n any orde r ; i n pa r t i cu l a r , any numbe r o f compa r i sons
can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he

Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We

m

The Pa t t e rn Bank
- - - - - - - - - - - - - - - - - - - - - - - - - - - -

�

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

F i g . 1 . S t r a i gh t t r acks t r ave r s i ng f our pa r a l l e l de t ec t or l aye r s .

M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .

437

The pa t t e rn ma t ch i ng a l gor i t hm can be eas i l y i mp l e -
men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
t e rns can be compa r ed t o t he even t i ndependen t l y and
i n any orde r ; i n pa r t i cu l a r , any numbe r o f compa r i sons
can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he

Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We

m

The Pa t t e rn Bank
- - - - - - - - - - - - - - - - - - - - - - - - - - - -

�

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

F i g . 1 . S t r a i gh t t r acks t r ave r s i ng f our pa r a l l e l de t ec t or l aye r s .

M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
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h i t s have been r ead ou t , a l l t he t r ack i n f orma t i on i s a l so
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Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We
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whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n
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= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .
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consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .
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The pa t t e rn ma t ch i ng a l gor i t hm can be eas i l y i mp l e -
men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
t e rns can be compa r ed t o t he even t i ndependen t l y and
i n any orde r ; i n pa r t i cu l a r , any numbe r o f compa r i sons
can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he

Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We
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wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .

437

The pa t t e rn ma t ch i ng a l gor i t hm can be eas i l y i mp l e -
men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
t e rns can be compa r ed t o t he even t i ndependen t l y and
i n any orde r ; i n pa r t i cu l a r , any numbe r o f compa r i sons
can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he

2345

2356

3222

5443

22	

0101	



/53	

Associative Memory 
438

Ce l l o

Ce l l 1

Ce l l 2
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pa t t e rns t o t he even t a t once . To do t h i s we need a
spec i a l t ype o f assoc i a t i ve memor y t o s t or e t he pa t t e rn
bank : each ce l l o f t he memor y i s b i g enough t o ho l d one
pa t t e rn and has enough l og i c bu i l t i n t o compa r e i t s
con t en t s t o t he even t . A poss i b l e a r ch i t ec t ur e f or t h i s
dev i ce i s shown i n f i g . 3 . Each row r epr esen t s one ce l l
and i s des i gned t o s t or e one pa t t e rn . Each ce l l i s s t ruc -
t ur ed i n t o a numbe r o f words , one word pe r de t ec t or
l aye r ( f our o f t hem a r e shown ) . Each word s t or es t he
addr ess o f one h i t on t he cor r espond i ng l aye r . A l l t he
words i n a ce l l de f i ne a pa t t e rn by spec i f y i ng one h i t pe r
l aye r . The Da t a Bus connec t s a l l t he words i n t he same
l aye r , t h i s bus i s used t o l oad t he pa t t e rn da t a i n t o t he
memor y ce l l s dur i ng t he i n i t i a l i za t i on phase . Dur i ng
norma l ope r a t i on , f or eve r y even t , t he coord i na t es o f a l l
t he h i t s i n each l aye r a r e t r ansm i t t ed one a f t e r t he o t he r
on t he cor r espond i ng Da t a Bus ; a l l t he words con t i nu -
ous l y compa r e t he i r con t en t s t o wha t i s on t he bus and
i f a ma t ch i s f ound t he cor r espond i ng f l i p - f l op ( FF ) i s
se t . A f t e r a l l t he h i t s have been t r ansm i t t ed , any ce l l
t ha t has a l l t he f l i p - f l ops se t i s a t r ack cand i da t e be -
cause a l l t he h i t s t ha t de f i ne t ha t pa t t e rn a r e pr esen t i n
t he even t . The addr esses o f a l l t he t r ack cand i da t es a r e
t r ansm i t t ed sequen t i a l l y on t he Ou t pu t Bus. I t i s i m-

por t an t t o no t e t ha t each h i t needs t o be f ed i n t o t he
assoc i a t i ve memor y on l y once . When a h i t coord i na t e i s
p l aced on t he bus a l l t he f l i p - f l ops i n a l l t he ce l l s
con t a i n i ng t ha t h i t w i l l be se t s i mu l t aneous l y . Feed i ng a
who l e even t i n t o t he assoc i a t i ve memor y w i l l t ake a
t i me propor t i ona l t o t he numbe r o f h i t s and w i l l usua l l y
be pe r f ormed i n pa r a l l e l w i t h t he de t ec t or r eadou t . The
ac t ua l pa t t e rn r ecogn i t i on process t akes p l ace w i t h i n t he
assoc i a t i ve memor y dur i ng t he t i me needed t o ex t r ac t
t he i n f orma t i on f rom t he de t ec t or . By t he t i me a l l t he
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h i t s have been r ead ou t , a l l t he t r ack i n f orma t i on i s a l so
ava i l ab l e .

Typ i ca l app l i ca t i ons r equ i r e a numbe r o f ce l l s o f t he
orde r o f 100k or mor e . The amoun t o f l og i c i nvo l ved
ru l es ou t t he poss i b i l i t y o f us i ng s t anda rd componen t s
and r equ i r es t he deve l opmen t o f appropr i a t e AS I Cs
(App l i ca t i on Spec i f i c I n t egr a t ed C i r cu i t s ) .

Us i ng t he pr esen t VLS I t echno l ogy , l a rge numbe r s
o f l og i c ga t es can be i n t egr a t ed on a s i ng l e ch i p . The
s t ruc t ur e we a r e propos i ng i s bas i ca l l y a l a rge a r r ay o f
ve r y s i mp l e ce l l s made o f a memor y b i t and a compa r a -
t or . A s i gn i f i can t e f f or t can be devo t ed t o t he des i gn
and op t i m i sa t i on o f t h i s ce l l i n t e rms o f s i l i con a r ea and
t h i s bas i c bu i l d i ng b l ock can t hen be assemb l ed i n t o
a r r ays o f d i f f e r en t s i ze . I n t h i s way we be l i eve we can
des i gn a CMOS ch i p w i t h 256 ce l l s o f 32 b i t s (4 p l anes
x 8 b i t s ) . We cou l d t hen i mp l emen t a sys t em w i t h 100k

ce l l s us i ng on l y 400 ch i ps .
A cha r ac t e r i s t i c o f VLS I t echno l ogy i s t ha t ch i ps can

be manu f ac t ur ed i n l a rge quan t i t i es a t r e l a t i ve l y l ow
cos t ; t he i npu t / ou t pu t a r ch i t ec t ur e o f our ch i p shou l d
t hen be des i gned t o f ac i l i t a t e t he assemb l i ng o f many o f
t hem i n t o a r r ays o f a rb i t r a r y s i ze . One poss i b l e so l u t i on
i s desc r i bed i n t he f o l l ow i ng sec t i ons .

F i g . 4 shows t he assoc i a t i ve memor y (AM) ch i p and
i t s i npu t / ou t pu t s i gna l s.

Layer 1	 Layer 2	 Layer 3	 Layer 4	
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Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We
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wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .
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The pa t t e rn ma t ch i ng a l gor i t hm can be eas i l y i mp l e -
men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
t e rns can be compa r ed t o t he even t i ndependen t l y and
i n any orde r ; i n pa r t i cu l a r , any numbe r o f compa r i sons
can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he
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and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We
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t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
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0101	

As soon as all the detected hits are loaded, the pattern recognition will 
be completed (i.e. processing time is linear in the number of hits)!
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segmentation for parallel processing 
(η-φ tower)  

•  To reduce number of hits, roads, tracks per board!
•  To reduce number of needed patterns per board 

Data Re-formatting	
Track finding!

(AM chip)	
Track finding!

(AM chip)	
Track finding!

(AM chip)	

Track fitting	 Track fitting	 Track fitting	
…

Silicon detectors	

24	
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System overview of FTK 
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ATLAS FTK 
The first associative memory based hardware tracking system at LHC!

–  Provide full track list for HLT software trigger algorithms O(100us)!
–  All silicon pixel and micro-strip sensors involved !

•  100 million channels, 12 logical layers (4 Pixel + 4 x 2 Strip layers)!
–  Track finding and fitting will be done in 64 η-φ trigger towers 

26	

Tracker	 muon	 calo.	

FTK	

HLT algorithms!
running over inputs from detectors!

 as well as track list from FTK	
Data network (buffer)	

Data logger	
CERN permanent storage	

L1 hardware trigger	

ATLAS Trigger DAQ system	
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Fast TracKer system diagram 
Copy hit data to FTK!
(Dual S-link optical link interface)!

27	

ATCA	

VME	

FTK HLT Interface Crate!
(FLIC)	ATCA	

AM board!
Track finding	

AUX card!
1st Track Fit	

AM board!
Track finding	

AUX card!
1st Track Fit	

Receive data and prepare for 
For FTK Tracking in 4 ATCA!

Parallel processing tracking 
Engines (64 trigger towers) !
in 8 VME crates !
•  Track finding with AM!
•  Track fitting!

Send tracking results to HLT!
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Clustering + Data Formatting 

1. Input clustering mezzanine (IM)!
2. Data Formatter (DF)!

IM	

DF	

28	

Format input data for all 64 trigger towers!
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Track finding + Track fitting 
•  Track finding in AM!
•  Fit in two stages!

–  Optimal solution for FTK!
–  1st stage uses 8 layers:!

•  3 pixel+5 strip layers!
–  2nd stage uses entire 12 layers:!

•  4 pixel+8 strip layers!
•  Linear approximation !

–   !

•  pi : ith parameter of interest!
(track parameters, fit goodness)!

•  xj : hit position in jth layer!
•  Cij qi : Pre-stored constants!

–  1fit / ns / FPGA (in 1st stage)!
–  Used in track extrapolation !

in second stage fit!
29	

pi =
X

j

Cij · xj + qi

Second Stage Board	

AM Board + AM chips	 AUX card	
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Interface to HLT 
•  Collect found tracks!
•  2 boards cover all 64 eta – phi towers !
•  Global functions may be implemented!

–  E.g. count tracks above threshold!

30	

6. FLIC card	
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FTK performance 
Provide tracks with “quasi-offline quality” in O(100u)!

31	
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Figure 8: Muon resolution in ⌘, �, d0, z0, and 1/pT as a function of curvature, for FTK (red) and o✏ine
(black) tracks. See the text concerning the z0 resolution.
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Figure 7: FTK e�ciency with respect to o✏ine in muon and pion samples versus pT , ⌘, �, d0, and z0.
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FTK efficiency wrt offline ~ 93%!
(driven by the number of AM patterns)	

Note : Also there is room to improve the efficiency and resolution with optimization!

Curvature parameter !
(driven by linear fit approximation)!
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Example of applications to HLT 
•  Typical application – b / tau identification!

–  FTK Performance for displacement of tracks !
in b-jets is similar to offline!

– Efficiency will be recovered by early access !
to tracking information given by FTK !

32	
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Figure 8: The transverse impact parameter and its significance are shown for tracks associated to light-
flavor (black) and heavy-flavor (red) jets. The solid lines show the distribution for the o✏ine tracks,
whereas the points show the re-fitted FTK tracks. The left-hand plots show the distribution in the barrel
and the right-hand plots show the distribution in the end-caps. The transverse impact parameter signif-
icance is defined as the transverse impact parameter divided by its associated uncertainty. The impact
parameter is signed such that track displacements in the direction of the jet have positive values, while
tracks with displacements opposite of the jet direction are negative. This plot is an update with respect
to figure 19 of the FTK TDR [CERN-LHCC-2013-007] that now includes the use of IBL and the refit
of FTK clusters associated to the FTK tracks using the o✏ine algorithm. The clusters associated to the
FTK tracks are fit with the global �2 algorithm. A �2 < 2 cut is applied to the FTK tracks after refit to in-
crease track purity. The narrower d0 significance core for FTK refitted tracks is a result of overestimated
impact parameter uncertainties for the refitted FTK tracks.
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Figure 5: The plot shows the ⌧ identification e�ciency as a function of the o✏ine-⌧ pT when applying
the FTK selection (blue) and calorimeter clusters selection (red) at HLT. The e�ciency is defined as the
fraction of Level-1 ⌧s matched to a true hadronic ⌧ decay and to an o✏ine ⌧ identified with the o✏ine
loose Boosted Decision Tree (BDT) [ATLAS-CONF-2013-064]. The FTK selection at HLT requires
Ntracks(�R < 0.1)  3 and Ntracks(0.1 < �R < 0.4)  2 while the calorimeter clusters selection requires
clusters with ET > 25 GeV, fcore < 0.59 and Rcal > 0.079 where fcore is ratio of the transverse energy
in a cone of radius 0.2 to the transverse energy in a cone of radius 0.4 around the ⌧ direction and
Rcal =

P
ET ·drP

ET
. In both cases, the selections have be tuned to give the same background rejection factor

of 2 per Level-1 ⌧ candidate (with pT > 12 GeV and calorimetric isolation of 4 GeV). This plot is an
update and a summary with respect to figure 39 of the FTK TDR [CERN-LHCC-2013-007] that now
includes the use of IBL.

5

● "FTK 
"Offline	

FTK+HLT!
Calo-based HLT	

https://cds.cern.ch/record/1667495/ !
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/FTKPublicResults	



/53	

The University of Chicago Medical Center
Department of Surgery
AMB O-218 MC 5029
5841 S. Maryland Avenue
Chicago, IL 60637

www.uchospitals.edu

Copyright © 2007 The University of Chicago Medical Center RC1003 (10/07)

Details of technical challenges  
 •  ATCA-based data formatting & clustering!

•  Associative Memory implementation in FTK	

33	
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Data Formatting 

Clustering system 

34	

“ATCA-based ATLAS FTK input interface system” http://arxiv.org/abs/1411.0661	
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Needs for clustering and data formatting 
•  FTK is Implemented as parallel processing units!

–  64 eta-phi overlapping trigger towers!
•  Finite size of beam luminous region / curvature of charged track!

•  Data volume is high from entire pixel and micro-strip sensors!
–  More than 100k hits / event at highest target luminosity, running at L1 rate (100k)!

•  FTK system requires an input interface system to manage  :!
–  “Clustering” to reduce data volume at the beginning, !

minimizing loss of efficiency and improving resolution!
–  “Data Formatting” to distribute clusters to appropriate FTK η-φ towers!

35	

4 segmentation in η	 16 segmentation in φ	
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Data Formatting requirement  
drives system design concept 

36	

Requirement of Data Formatting prior to tracking!
–  Remapping input data into 64 FTK tower structure!

•  ~400 fiber input from ROD~1,100 output fibers to downstream tracking boards!
–  Overlapping at boundary region of towers!
–  Handle large data volume !

Four-shelf system with flexible connectivity in each crate and inter-crate links	

O
ut

pu
t!

Input!

Tracking 
Processor	

Tracking 
Processor	

Tracking 
Processor	

Tracking 
Processor	

Remap!
Overlap!

!
with high!

bandwidth!

~400 fibers	 ~1100 fibers	
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Full mesh ATCA 
Advanced Telecommunication Computing 
Architecture (AdvancedTCA / ATCA) backplane 
supports full mesh network topology with high speed!
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Network topology among the !
14 boards in ATCA backplane!

Up to 40 Gb/s point-to-point serial links!

Zone2!
Connector!
for full mesh	
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System level design 
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•  Four shelf-system with internal connections !
– Full-mesh communication with use of backplane!
–  Inter-crate connections with optic fibers!

•  Eight boards per shelf, and 32 boards in total!

!
input!
fibers!
!
!
!
!
	

!
output!
fibers!
!
!
!
!
	

From !
ROD	

To Downstream!
FTK tracking 
boards	

ROD data!
(raw hits)	

FTK eta-phi!
Tower data!
(clusters)	

Available network topology!
Green balls stand for 32 boards 	

Each line can run 
up to 20Gb/s	
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Board level design concept 
•  One board consists of three main components:!

1.  Input clustering mezzanine cards (FTK_IM)!
2.  Main data formatter board (Main board)!
3.  Rear Transition Module (RTM) for optical fiber I/Os !
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FPGA	

C
onnector for 
Backplane

	

C
onnector 
for RTM

	

Opt	
Opt	
Opt	
Opt	

Opt	
Opt	
Opt	
Opt	

Main data formatter board	 RTM	

Clustering!
Mezzanine	

Clustering!
Mezzanine	

Clustering!
Mezzanine	

Clustering!
Mezzanine	

Opt	

Opt	

To downstream FTK 
tracking board	

Inter-crate optic fibers	
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Design around Virtex7 FPGA 

40	

To downstream FTK 
tracking boards	

To / From other DF crate	

To/From other  
DFs in the crate	

ZONE3 
Interface to RTM	

ZONE2 
Interface to ATCA 
full-mesh backplane	

XC7VX690T-2!
!
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Data Formatter board  
measured speed performance 

41	

•  Design compatible with the high speed data traffic!
–  Material choice!
–  Trace length matching!

•  Speed performance are verified !
in prototype board testing :!
–  Bit error rate < 5x10-16!
–  RX margin analysis !
–  With Xilinx Chipscope IBERT!

!
!
80 GTH at 10 Gb/s available (52 GTH at 6.4Gb/s required by FTK)!

•  40 lanes for RTM " " "(38 for FTK)!
•  28 lanes for Fabric " " "(14 for FTK)!
•  12 lanes for Mezzanines "(8 for FTK)!

NOTE : Data Formatter board is a general purpose board design and its specifiaction well exceeds that of FTK DF requirement. 
(another application is for CMS L1 tracking trigger R&D : Pulsar-II project at Fermilab http://www-ppd.fnal.gov/ATCA/ )	

Sampling point @ RX	
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2D pixel clustering challenge 
•  Keep manageable processing time even with the highest !

target luminosity by avoiding too many hit loop!
•  Map 2D pixel hit information in 2D structure of cells in FPGAs !

so that hit selection can be done two-dimensionally!
1.  Define clustering window (21x8) !

with respect to the reference hit!
•  The first arriving or the leftmost not-clustered !

hit will be the reference hit!
•  Entire pixel modules does not need to mapped!

(moving window technique)!
2.  Load all hits in the window size "!

into logic cells mapped in FPGA!
3.  Select all hits neighboring to the !

reference hit (as seed)!
4.  Repeat hit selection w.r.t. selected hits!

until there is no more neighboring hits!
5.  Read selected hits as a cluster!
6.  Start to build the next clusters with !

remaining hits!
•  Full implementation fits in available resources!

42	

First hit as seed for the clustering!
Hits selected in the second clock cycle!
Hits selected in the third clock cycle!
Hits selected in the forth clock cycle!
Hits selected in the fifth clock cycle!
Hits belonging to a different cluster	

10	

10	

8	

More details in IEEE TNS paper
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=6949160!
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AM implementation in FTK 
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Reminder : Challenges  
in AM approach at LHC 

•  High pattern density is needed for FTK !
•  For high efficiency and higher resolution for better fake rejection power!

•  Solutions in FTK for good efficiency & fake rejection power :!
–  Pursue higher pattern density, developing full custom chips (AMchip06)!
–  Implement “Variable resolution AM” for optimal use of memory resource 
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# available patterns	

 

quantity, defined as the probability that a track (with helix 

parameters within the desired range) intersects at least (M-1) 

of the M silicon layers within a pattern in the bank. In short, it 

is the fraction of reconstructable tracks based only on the 

detector geometry; it describes the geometric efficiency of the 

bank only. Track efficiency instead includes the contributions 

of all the algorithms used in FTK, the clustering of single 

detector channels before the AM and, after the AM, the track 

fitting inside roads whose efficiency is determined by a F2
 cut.  

We generate tracks in the whole detector (no detector 

symmetries are exploited, to prevent alignment problems) and 

we store new patterns corresponding to the generated tracks, 

until the bank reaches the desired coverage. Each layer is 

subdivided into bins (Super Strips, SS) of equal size, each one 

is D� UHFWDQJOH� LQ�ĳ-z space. A pattern is a combination of M 

Super Strips, one in each layer. Only patterns that are hit by at 

least one track are kept. The whole collection of generated 

tracks is the FTK training sample. The bank is generated using 

very large training samples produced with the full ATLAS 

simulation. The geometry and resolution information are 

extracted from the simulated training samples rather than from 

a geometric description of the detector.  

 To maximize the efficiency of the pattern bank for a given 

size, we order the pattern list by the number of training tracks 

that match a pattern. We use this number to define the 

coverage of the single pattern. The larger the number of 

training tracks passing through the same pattern, the larger is 

that pattern’s coverage. We then fill up the available AM 

pattern locations using the most frequently hit patterns,  the 

“high-coverage patterns”. 

 

 
Fig. 1. The coverage and efficiency of the AM bank in the barrel (|K|<1). 

The SS sizes are 16 strips in the r-ĳ�6&7�OD\HUV�DQG���������SL[HOV�LQ�WKH�ĳ��]��
direction in the pixel layers. The arrow shows the chosen operating point. 

 

The number of generated patterns depends on the helix 

parameter range of the training track sample. We have 

selected ranges appropriate to triggering on electrons, muons, 

taus, and heavy quark jets. Azimuth, rapidity and z0 are 

generated flat over the entire silicon detector. Curvature is 

generated flat for tracks of pTt1 GeV �FKRVHQ� IRU� H� DQG� ȝ�
LVRODWLRQ� DV� ZHOO� DV� Ĳ� DQG� E� GDXJKWHUV��� DQG� WKH� LPSDFW�
parameter is flat out to 2 mm in order to be efficient for b-

quarks.  

 Fig. 1 shows a typical curve of track coverage and 

efficiency versus bank size. The coverage is determined by the 

bank only, while efficiency is affected by all the FTK 

algorithms. There is an initial rapid rise as the bank is filled 

with high-coverage patterns, patterns that tracks commonly 

match. Beyond that, the curve rises slowly as less probable 

patterns are added from the tails of the multiple scattering 

distribution (“low-coverage patterns”). Although the 

efficiency for real tracks grows slowly in this region, the 

number of fake matched roads rises nearly linearly with the 

bank size. Thus we have to choose a size that balances the 

need for good efficiency with the need to limit the rate of fake 

matched roads.  Moreover, as the luminosity increases, the 

number of fakes increases rapidly because of the increased 

silicon occupancy. To counter that, we must reduce the width 

of our roads to improve resolution.  

 

 
Fig. 2. (a) Eight patterns are compatible with a straight line when each 

layer is divided into two bins. Pattern number 3 matches the input track. (b) 

The width of the SS in each layer is further reduced by a factor of two and we 

test the four possible patterns consistent with the matched pattern in the 

previous step. 

 

We can use a successive approximation strategy to reduce 

the pattern width. We could repeat pattern matching on the 

same event with ever increasing pattern spatial resolution 

(decreasing pattern width).  Coarser resolution is obtained by 

simply ORing adjacent SSs. Fig. 2 demonstrates how this 

works for the case of straight line tracks passing through a 4-

layer tracker. Fig. 2.a shows the eight possible patterns found 

when a large road (let’s call it “fat road”) is divided into two 

half SSs in each layer. Pattern 3 matches the track’s actual 

trajectory, and it becomes the “parent pattern” for the next 

stage in which the width of the SSs is further reduced by a 

factor of two. Figure 2.b shows that there are 4 possible finer 

resolution patterns, with pattern 3 matching the input track. 

Since there still is a track candidate, we can further reduce the 

SS size by another factor of two. This process is iterated until 

either we reach the final resolution (success) or we are left 

with no track candidate (a low resolution “fake road” seeded 

the search for a real track that doesn’t exist). A fake road is 

one that disappears when we use finer resolution. 

The pattern bank can thus be arranged in a tree structure 

(Fig. 3) where increasing depth corresponds to increasing 

spatial resolution. The tree root corresponds to the incoming 

fat road. Each node not belonging to the final level represents 

one “parent pattern” and is linked to its sub-patterns (pattern 

block), corresponding to a factor of 2 increased SS resolution. 

We could compare each sub-pattern to the event and every 

matched pattern is a track candidate that enables the search at 

the next level. A refined track candidate (thin road) is found 

u105 
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AM efficiency!
FTK system efficiency	

# available patterns	

High resolution in AM track finding	

Low resolution in AM track finding	

Smaller bank size !
Lower S/N	

Larger bank size!
Higher S/N	



/53	

Content Addressable Memory 
•  Functionality of the CAMs!

–  Store the data!
–  Compare the input data with stored data!

•  Associative memory is designed with CAM!
–  Comparison layer level comparison is implemented with CAM!

•  Bit level comparison (CAM bit) !
•  Word level comparison (CAM cell) – 1 word consists of 18 bits !

–  Track recognition is done by CAM cell x # layers (8) + majority logic !
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Ce l l o

Ce l l 1

Ce l l 2

Ce l l 3

M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

Laye r 1

�

Laye r 2

pa t t e rns t o t he even t a t once . To do t h i s we need a
spec i a l t ype o f assoc i a t i ve memor y t o s t or e t he pa t t e rn
bank : each ce l l o f t he memor y i s b i g enough t o ho l d one
pa t t e rn and has enough l og i c bu i l t i n t o compa r e i t s
con t en t s t o t he even t . A poss i b l e a r ch i t ec t ur e f or t h i s
dev i ce i s shown i n f i g . 3 . Each row r epr esen t s one ce l l
and i s des i gned t o s t or e one pa t t e rn . Each ce l l i s s t ruc -
t ur ed i n t o a numbe r o f words , one word pe r de t ec t or
l aye r ( f our o f t hem a r e shown ) . Each word s t or es t he
addr ess o f one h i t on t he cor r espond i ng l aye r . A l l t he
words i n a ce l l de f i ne a pa t t e rn by spec i f y i ng one h i t pe r
l aye r . The Da t a Bus connec t s a l l t he words i n t he same
l aye r , t h i s bus i s used t o l oad t he pa t t e rn da t a i n t o t he
memor y ce l l s dur i ng t he i n i t i a l i za t i on phase . Dur i ng
norma l ope r a t i on , f or eve r y even t , t he coord i na t es o f a l l
t he h i t s i n each l aye r a r e t r ansm i t t ed one a f t e r t he o t he r
on t he cor r espond i ng Da t a Bus ; a l l t he words con t i nu -
ous l y compa r e t he i r con t en t s t o wha t i s on t he bus and
i f a ma t ch i s f ound t he cor r espond i ng f l i p - f l op ( FF ) i s
se t . A f t e r a l l t he h i t s have been t r ansm i t t ed , any ce l l
t ha t has a l l t he f l i p - f l ops se t i s a t r ack cand i da t e be -
cause a l l t he h i t s t ha t de f i ne t ha t pa t t e rn a r e pr esen t i n
t he even t . The addr esses o f a l l t he t r ack cand i da t es a r e
t r ansm i t t ed sequen t i a l l y on t he Ou t pu t Bus. I t i s i m-

por t an t t o no t e t ha t each h i t needs t o be f ed i n t o t he
assoc i a t i ve memor y on l y once . When a h i t coord i na t e i s
p l aced on t he bus a l l t he f l i p - f l ops i n a l l t he ce l l s
con t a i n i ng t ha t h i t w i l l be se t s i mu l t aneous l y . Feed i ng a
who l e even t i n t o t he assoc i a t i ve memor y w i l l t ake a
t i me propor t i ona l t o t he numbe r o f h i t s and w i l l usua l l y
be pe r f ormed i n pa r a l l e l w i t h t he de t ec t or r eadou t . The
ac t ua l pa t t e rn r ecogn i t i on process t akes p l ace w i t h i n t he
assoc i a t i ve memor y dur i ng t he t i me needed t o ex t r ac t
t he i n f orma t i on f rom t he de t ec t or . By t he t i me a l l t he

Laye r 3

Da t a Bus 1

�

Da t a Bus 2

F i g . 3 . Assoc i a t i ve memor y a r ch i t ec t ur e .

5 . VLS I

6 . The AM ch i p

Laye r 4

i

~ f f l mm
l u i

111111111

�

111111111~~ 11111

Da t a Bus 3

�

Da t a Bus 4

m

h i t s have been r ead ou t , a l l t he t r ack i n f orma t i on i s a l so
ava i l ab l e .

Typ i ca l app l i ca t i ons r equ i r e a numbe r o f ce l l s o f t he
orde r o f 100k or mor e . The amoun t o f l og i c i nvo l ved
ru l es ou t t he poss i b i l i t y o f us i ng s t anda rd componen t s
and r equ i r es t he deve l opmen t o f appropr i a t e AS I Cs
(App l i ca t i on Spec i f i c I n t egr a t ed C i r cu i t s ) .

Us i ng t he pr esen t VLS I t echno l ogy , l a rge numbe r s
o f l og i c ga t es can be i n t egr a t ed on a s i ng l e ch i p . The
s t ruc t ur e we a r e propos i ng i s bas i ca l l y a l a rge a r r ay o f
ve r y s i mp l e ce l l s made o f a memor y b i t and a compa r a -
t or . A s i gn i f i can t e f f or t can be devo t ed t o t he des i gn
and op t i m i sa t i on o f t h i s ce l l i n t e rms o f s i l i con a r ea and
t h i s bas i c bu i l d i ng b l ock can t hen be assemb l ed i n t o
a r r ays o f d i f f e r en t s i ze . I n t h i s way we be l i eve we can
des i gn a CMOS ch i p w i t h 256 ce l l s o f 32 b i t s (4 p l anes
x 8 b i t s ) . We cou l d t hen i mp l emen t a sys t em w i t h 100k

ce l l s us i ng on l y 400 ch i ps .
A cha r ac t e r i s t i c o f VLS I t echno l ogy i s t ha t ch i ps can

be manu f ac t ur ed i n l a rge quan t i t i es a t r e l a t i ve l y l ow
cos t ; t he i npu t / ou t pu t a r ch i t ec t ur e o f our ch i p shou l d
t hen be des i gned t o f ac i l i t a t e t he assemb l i ng o f many o f
t hem i n t o a r r ays o f a rb i t r a r y s i ze . One poss i b l e so l u t i on
i s desc r i bed i n t he f o l l ow i ng sec t i ons .

F i g . 4 shows t he assoc i a t i ve memor y (AM) ch i p and
i t s i npu t / ou t pu t s i gna l s.

CAM!
bit	 Layer !

match	

FF	

FF	 C	
CAM bit	

CAM cell	

Associative memory	
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Full custom CAM cell for FTK 

•  For hit channel comparison in each layer!
–  18 CAM bits = 6 NAND CAM bits + 12 NOR CAM bits!
–  The match line will be driven to high when all bits are matching!
–  Size of the full custom CAM cell = 1.5 x 50 um2 

720 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 41, NO. 3, MARCH 2006

Fig. 15. For current-race matchline sensing [42]: (a) a schematic of the circuit implementation including precharge circuitry and (b) a timing diagram for a single
search cycle.

D. Selective-Precharge Scheme

The matchline-sensing techniques we have seen so far, ex-
pend approximately the same amount of energy on every match-
line, regardless of the specific data pattern, and whether there is
a match or a miss. We now examine three schemes that allocate
power to matchlines nonuniformly.

The first technique, called selective precharge, performs a
match operation on the first few bits of a word before acti-
vating the search of the remaining bits [43]. For example, in a
144-bit word, selective precharge initially searches only the first
3 bits and then searches the remaining 141 bits only for words
that matched in the first 3 bits. Assuming a uniform random
data distribution, the initial 3-bit search should allow only 1/2
words to survive to the second stage saving about 88% of the
matchline power. In practice, there are two sources of overhead
that limit the power saving. First, to maintain speed, the initial
match implementation may draw a higher power per bit than
the search operation on the remaining bits. Second, an applica-
tion may have a data distribution that is not uniform, and, in the
worst-case scenario, the initial match bits are identical among
all words in the CAM, eliminating any power saving.

Fig. 16 is a simplified schematic of an example of selec-
tive precharge similar to that presented in the original paper
[43]. The example uses the first bit for the initial search and
the remaining bits for the remaining search. To main-
tain speed, the implementation modifies the precharge part of
the precharge-high scheme [of Fig. 10(a) and (b)]. The ML is
precharged through the transistor , which is controlled by
the NAND CAM cell and turned on only if there is a match in
the first CAM bit. The remaining cells are NOR cells. Note that
the ML of the NOR cells must be pre-discharged (circuitry not
shown) to ground to maintain correct operation in the case that
the previous search left the matchline high due to a match. Thus,
one implementation of selective precharge is to use this mixed
NAND/NOR matchline structure.

Selective precharge is perhaps the most common method used
to save power on matchlines [22], [44]–[48] since it is both
simple to implement and can reduce power by a large amount
in many CAM applications.

Fig. 16. Sample implementation of the selective-precharge matchline
technique [43]. The first cell on the matchline is a NAND cell, while the other
cells are NOR cells. Precharge occurs only in the case where there is a match
in the first cell. If there is no match in the first cell, the precharge transistor is
disconnected from the matchline, thus saving power.

E. Pipelining Scheme

In selective precharge, the matchline is divided into two
segments. More generally, an implementation may divide the
matchline into any number of segments, where a match in a
given segment results in a search operation in the next segment
but a miss terminates the match operation for that word. A
design that uses multiple matchline segments in a pipelined
fashion is the pipelined matchlines scheme [49], [50]. Fig. 17(a)
shows a simplified schematic of a conventional NOR matchline
structure where all cells are connected in parallel. Fig. 17(b)
shows the same set of cells as in Fig. 17(a), but with the
matchline broken into four matchline segments that are serially
evaluated. If any stage misses, the subsequent stages are shut
off, resulting in power saving. The drawbacks of this scheme
are the increased latency and the area overhead due to the
pipeline stages. By itself, a pipelined matchline scheme is not
as compelling as basic selective precharge; however, pipelining
enables the use of hierarchical searchlines, thus saving power.
Section IV discusses hierarchical searchlines in detail.

Another approach is to segment the matchline so that each
individual bit forms a segment [51]. Thus, selective precharge
operates on a bit-by-bit basis. In this design, the CAM cell is
modified so that the match evaluation ripples through each CAM
cell. If at any cell there is a miss, the subsequent cells do not
activate, as there is no need for a comparison operation. The
drawback of this scheme is the extra circuitry required at each
cell to gate the comparison with the result from the previous cell.

6 “NAND” CAM  bits !
(2.2um x 1.5um each)!
9 transistors each 	

12 “NOR” CAM bits !
(2.2um x 1.5um each)!
9 transistors each 	

Match	  Line	  
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Figure 7. Schematic diagram and layout of one layer of LV cells in the AM05.

The single bit cell output (OUT) is equal to zero when the stored bit (A) matches the bit-line
(BL), and is equal to one when they are different. The comparison on the 18-bit words is made
simply by taking the logic NOR of the 18 AM cell output bits.

2.3.2 LV NAND-NOR Memory Layer

A new low voltage (LV) current race AM cell has been designed, suitable for 0.8 V supply (lower
than 1.2 V used for standard cells). It is based current race and selective precharge scheme, and
it contains 6 NAND type cells (with 9 transistors each) and 12 NOR type cells (with 9 transistors
each). The schematic diagram and the layout of the LV NAND-NOR AM are illustrated in figure 7.

3. Serial link characterization and current consumption measurements

The mini-AM05 (“mini-5” in table 1) is a small integrated circuit prototype containing 512 patterns.
It has been designed to verify the functionality of the XORAM cell, to test serial links at 2 Gbit/s,
and to measure current consumption in different operations.

In the FTK system, chips will communicate through serial links at 2 Gbit/s, to avoid routing
congestion at board level and to reduce crosstalk. Serializers and deserializers (SERDES) have
been included in the test chip, using IP blocks provided by Silicon Creation [14].

Figure 8 shows the test setup. The AMChip is inserted into a zero insertion force (ZIF) socket,
supplied by Yamaichi and designed for high-frequency applications. The ZIF socket is mounted
onto a passive printed circuit board (PCB), called “mezzanine card”, where signals coming from
the AMChip through ZIF pins have been routed to a high-density VITA 57.1 connector.

Power supply lines are routed on the mezzanine and are connected to 4-pin connectors, for
4-wire measurements of current consumption in different parts of the chip core, I/O, and SERDES
IP blocks in different configurations. Data are sent and collected by a Xilinx Virtex-6 FPGA
mounted on an evaluation board supplied by HiTechGlobal. The firmware to program the FPGA
hardware has been written in VHDL, and the software in Python.

– 6 –
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64-track-pattern block 
•  CAM Cell x 8 (for 8 layers)!

– 8 CAM Cell + Majority Logic!
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ac t ua l pa t t e rn r ecogn i t i on process t akes p l ace w i t h i n t he
assoc i a t i ve memor y dur i ng t he t i me needed t o ex t r ac t
t he i n f orma t i on f rom t he de t ec t or . By t he t i me a l l t he
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ava i l ab l e .

Typ i ca l app l i ca t i ons r equ i r e a numbe r o f ce l l s o f t he
orde r o f 100k or mor e . The amoun t o f l og i c i nvo l ved
ru l es ou t t he poss i b i l i t y o f us i ng s t anda rd componen t s
and r equ i r es t he deve l opmen t o f appropr i a t e AS I Cs
(App l i ca t i on Spec i f i c I n t egr a t ed C i r cu i t s ) .

Us i ng t he pr esen t VLS I t echno l ogy , l a rge numbe r s
o f l og i c ga t es can be i n t egr a t ed on a s i ng l e ch i p . The
s t ruc t ur e we a r e propos i ng i s bas i ca l l y a l a rge a r r ay o f
ve r y s i mp l e ce l l s made o f a memor y b i t and a compa r a -
t or . A s i gn i f i can t e f f or t can be devo t ed t o t he des i gn
and op t i m i sa t i on o f t h i s ce l l i n t e rms o f s i l i con a r ea and
t h i s bas i c bu i l d i ng b l ock can t hen be assemb l ed i n t o
a r r ays o f d i f f e r en t s i ze . I n t h i s way we be l i eve we can
des i gn a CMOS ch i p w i t h 256 ce l l s o f 32 b i t s (4 p l anes
x 8 b i t s ) . We cou l d t hen i mp l emen t a sys t em w i t h 100k

ce l l s us i ng on l y 400 ch i ps .
A cha r ac t e r i s t i c o f VLS I t echno l ogy i s t ha t ch i ps can

be manu f ac t ur ed i n l a rge quan t i t i es a t r e l a t i ve l y l ow
cos t ; t he i npu t / ou t pu t a r ch i t ec t ur e o f our ch i p shou l d
t hen be des i gned t o f ac i l i t a t e t he assemb l i ng o f many o f
t hem i n t o a r r ays o f a rb i t r a r y s i ze . One poss i b l e so l u t i on
i s desc r i bed i n t he f o l l ow i ng sec t i ons .

F i g . 4 shows t he assoc i a t i ve memor y (AM) ch i p and
i t s i npu t / ou t pu t s i gna l s.
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590um (~50um x 8 + majority logic block (standard cell) )	

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a

t
i
o

n
o

n
l
y

Figure 7. Schematic diagram and layout of one layer of LV cells in the AM05.

The single bit cell output (OUT) is equal to zero when the stored bit (A) matches the bit-line
(BL), and is equal to one when they are different. The comparison on the 18-bit words is made
simply by taking the logic NOR of the 18 AM cell output bits.

2.3.2 LV NAND-NOR Memory Layer

A new low voltage (LV) current race AM cell has been designed, suitable for 0.8 V supply (lower
than 1.2 V used for standard cells). It is based current race and selective precharge scheme, and
it contains 6 NAND type cells (with 9 transistors each) and 12 NOR type cells (with 9 transistors
each). The schematic diagram and the layout of the LV NAND-NOR AM are illustrated in figure 7.

3. Serial link characterization and current consumption measurements

The mini-AM05 (“mini-5” in table 1) is a small integrated circuit prototype containing 512 patterns.
It has been designed to verify the functionality of the XORAM cell, to test serial links at 2 Gbit/s,
and to measure current consumption in different operations.

In the FTK system, chips will communicate through serial links at 2 Gbit/s, to avoid routing
congestion at board level and to reduce crosstalk. Serializers and deserializers (SERDES) have
been included in the test chip, using IP blocks provided by Silicon Creation [14].

Figure 8 shows the test setup. The AMChip is inserted into a zero insertion force (ZIF) socket,
supplied by Yamaichi and designed for high-frequency applications. The ZIF socket is mounted
onto a passive printed circuit board (PCB), called “mezzanine card”, where signals coming from
the AMChip through ZIF pins have been routed to a high-density VITA 57.1 connector.

Power supply lines are routed on the mezzanine and are connected to 4-pin connectors, for
4-wire measurements of current consumption in different parts of the chip core, I/O, and SERDES
IP blocks in different configurations. Data are sent and collected by a Xilinx Virtex-6 FPGA
mounted on an evaluation board supplied by HiTechGlobal. The firmware to program the FPGA
hardware has been written in VHDL, and the software in Python.

– 6 –
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Scale of chip design 

48	

64 patterns block	

2k pattern block!
(64 x 32 = 2k)	

128k patterns/chip!
(2k / block x 64 blocks)	

14.68 mm!

11.44 m
m
!
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Associative Memory evolution 

•  Many improvements between CDF SVT (2005) and FTK (2014)!
–  Smaller CMOS technology, full custom cells for ATLAS FTK application!

•  Design improvement in past 10 years (compare with AMchip03)!
–  Pattern density ~ 16 x AMchip03, CAM bit density ~ 25 x AMchip03!

•  Factor 25 from smaller technology (~8) and design effort for full custom cell (~3)!
–  Power consumption per bit comparison in CAM cells ~ 1/70 x AMchip03!

AMchip06 allows 1 billion patterns with 8k chips in FTK system!

49	

Technology	 Area	 Patterns	Pattern Density!
(/cm2)	

Detector Layers	 Speed!
(MHz)	

I/O	 For	

SVT AM	 128	 6 (12bits/layer)	 30	 parallel bus	CDS SVT (1992)	

AMchip03	 180nm	 100mm2	 5k	 5k	 6 (15.5bits/layer)	 40	 parallel bus	CDF SVT (2005)	

AMchip04	 65nm	 14mm2	 8k	 57k	 8 (18bits/layer)	 100	 parallel bus	 FTK R&D	

AMchip06	 65nm	 160mm2	128k	 80k	 8 (18bits/layer)	 100	 SERDES	 FTK	
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Variable resolution AM 

•  CAM cell for FTK can use up to 6 ternary bits in word comparison!
–  Ternary bit stores ‘0’, ‘1’, or ‘X (don’t care or wildcard)’, 

IEEEE Journal of Solid State Cirtuits Vol. 41, NO. 3, March 2006!

•  New feature of AM in FTK for most effective use of memory resource!
Good efficiency with enough rejection for fakes with 1 billion patterns!

50	

1	 2	 3	 4	0	 5	

Optimal solution :!
“Variable resolution AM”!
•  Save pattern bank size!
•  Keep roads narrow where 

possible!

track1, track2, track3	

High resolution case	

Low resolution case	

2	
2	

2 “or” 3	

2 “or” 3	
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Beyond FTK : L1 tracking &  
possibility of vertical integrated AM 

•  Tracking information in early trigger !
stage is “must” in Run4 (HL-LHC)!
–  Luminosity = 5 x 1034!
–  Pile-up multiplicity is up to 200 (peak)  !

•  Challenges for Level 1 tracking!
–  Shorter latency, higher event rate,!

and larger data volume than FTK !
–  Needs for higher AM pattern density!

to achieve higher parallelism !
•  VIPRAM : CAM cells connected vertically!

–  Higher pattern density !
•  with same CMOS technology!

–  Shorter layer match line in AM!
•  Higher speed and/or low power!
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Vertical Integrated Pattern Recognition 
AM (VIPRAM) projects @ Fermilab 	

http://inspirehep.net/record/1107828 	
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Figure 7. Schematic diagram and layout of one layer of LV cells in the AM05.

The single bit cell output (OUT) is equal to zero when the stored bit (A) matches the bit-line
(BL), and is equal to one when they are different. The comparison on the 18-bit words is made
simply by taking the logic NOR of the 18 AM cell output bits.

2.3.2 LV NAND-NOR Memory Layer

A new low voltage (LV) current race AM cell has been designed, suitable for 0.8 V supply (lower
than 1.2 V used for standard cells). It is based current race and selective precharge scheme, and
it contains 6 NAND type cells (with 9 transistors each) and 12 NOR type cells (with 9 transistors
each). The schematic diagram and the layout of the LV NAND-NOR AM are illustrated in figure 7.

3. Serial link characterization and current consumption measurements

The mini-AM05 (“mini-5” in table 1) is a small integrated circuit prototype containing 512 patterns.
It has been designed to verify the functionality of the XORAM cell, to test serial links at 2 Gbit/s,
and to measure current consumption in different operations.

In the FTK system, chips will communicate through serial links at 2 Gbit/s, to avoid routing
congestion at board level and to reduce crosstalk. Serializers and deserializers (SERDES) have
been included in the test chip, using IP blocks provided by Silicon Creation [14].

Figure 8 shows the test setup. The AMChip is inserted into a zero insertion force (ZIF) socket,
supplied by Yamaichi and designed for high-frequency applications. The ZIF socket is mounted
onto a passive printed circuit board (PCB), called “mezzanine card”, where signals coming from
the AMChip through ZIF pins have been routed to a high-density VITA 57.1 connector.

Power supply lines are routed on the mezzanine and are connected to 4-pin connectors, for
4-wire measurements of current consumption in different parts of the chip core, I/O, and SERDES
IP blocks in different configurations. Data are sent and collected by a Xilinx Virtex-6 FPGA
mounted on an evaluation board supplied by HiTechGlobal. The firmware to program the FPGA
hardware has been written in VHDL, and the software in Python.
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Summary 
•  The associative memory approach allows us to do track 

reconstruction with short latency in the trigger!
–  Concept of massive parallelism !
–  The first application at LHC is ATLAS FTK for HLT!

•  Many cutting-edge techniques are applied to FTK implementation!
–  ATCA based data formatting system!
–  Higher AM chip memory density (1 billion patterns) and !

new variable resolution in associative memory!
•  FTK schedule as a phase I upgrade program!

–  System level commissioning with prototype boards at CERN (currently 
on-going)!

–  Board production & test (2015)!
–  Commissioning with partial coverage with 1k AMchips (2015)!
–  Operation with full coverage with 2k AMchips (2016)!
–  Operation with full system with 8k AMchips (LHC Run3)!

Also FTK experience provides foundation for further L1 tracking! 
52	



Stay tuned!
and !

Thank you a lot for your attention !
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CAM bit 
•  For bit-level comparison consisting of !

Flip Flop (storage of data) and comparator  

D	 Q	

Data Input!
(1 bit)	

Configure	
Flip-Flop	

D "Q "O!
0 "1 "0!
0 "0 "1!
1 "1 "1!
1 "0 "0	

O	
Comparator 

D	
Q

IEEEE Journal of Solid State Cirtuits Vol. 41, NO. 3, March 2006	
55	
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CAM cell 
•  example for four-bit word case 
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Ce l l o

Ce l l 1

Ce l l 2

Ce l l 3

M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

Laye r 1

�

Laye r 2

pa t t e rns t o t he even t a t once . To do t h i s we need a
spec i a l t ype o f assoc i a t i ve memor y t o s t or e t he pa t t e rn
bank : each ce l l o f t he memor y i s b i g enough t o ho l d one
pa t t e rn and has enough l og i c bu i l t i n t o compa r e i t s
con t en t s t o t he even t . A poss i b l e a r ch i t ec t ur e f or t h i s
dev i ce i s shown i n f i g . 3 . Each row r epr esen t s one ce l l
and i s des i gned t o s t or e one pa t t e rn . Each ce l l i s s t ruc -
t ur ed i n t o a numbe r o f words , one word pe r de t ec t or
l aye r ( f our o f t hem a r e shown ) . Each word s t or es t he
addr ess o f one h i t on t he cor r espond i ng l aye r . A l l t he
words i n a ce l l de f i ne a pa t t e rn by spec i f y i ng one h i t pe r
l aye r . The Da t a Bus connec t s a l l t he words i n t he same
l aye r , t h i s bus i s used t o l oad t he pa t t e rn da t a i n t o t he
memor y ce l l s dur i ng t he i n i t i a l i za t i on phase . Dur i ng
norma l ope r a t i on , f or eve r y even t , t he coord i na t es o f a l l
t he h i t s i n each l aye r a r e t r ansm i t t ed one a f t e r t he o t he r
on t he cor r espond i ng Da t a Bus ; a l l t he words con t i nu -
ous l y compa r e t he i r con t en t s t o wha t i s on t he bus and
i f a ma t ch i s f ound t he cor r espond i ng f l i p - f l op ( FF ) i s
se t . A f t e r a l l t he h i t s have been t r ansm i t t ed , any ce l l
t ha t has a l l t he f l i p - f l ops se t i s a t r ack cand i da t e be -
cause a l l t he h i t s t ha t de f i ne t ha t pa t t e rn a r e pr esen t i n
t he even t . The addr esses o f a l l t he t r ack cand i da t es a r e
t r ansm i t t ed sequen t i a l l y on t he Ou t pu t Bus. I t i s i m-

por t an t t o no t e t ha t each h i t needs t o be f ed i n t o t he
assoc i a t i ve memor y on l y once . When a h i t coord i na t e i s
p l aced on t he bus a l l t he f l i p - f l ops i n a l l t he ce l l s
con t a i n i ng t ha t h i t w i l l be se t s i mu l t aneous l y . Feed i ng a
who l e even t i n t o t he assoc i a t i ve memor y w i l l t ake a
t i me propor t i ona l t o t he numbe r o f h i t s and w i l l usua l l y
be pe r f ormed i n pa r a l l e l w i t h t he de t ec t or r eadou t . The
ac t ua l pa t t e rn r ecogn i t i on process t akes p l ace w i t h i n t he
assoc i a t i ve memor y dur i ng t he t i me needed t o ex t r ac t
t he i n f orma t i on f rom t he de t ec t or . By t he t i me a l l t he
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h i t s have been r ead ou t , a l l t he t r ack i n f orma t i on i s a l so
ava i l ab l e .

Typ i ca l app l i ca t i ons r equ i r e a numbe r o f ce l l s o f t he
orde r o f 100k or mor e . The amoun t o f l og i c i nvo l ved
ru l es ou t t he poss i b i l i t y o f us i ng s t anda rd componen t s
and r equ i r es t he deve l opmen t o f appropr i a t e AS I Cs
(App l i ca t i on Spec i f i c I n t egr a t ed C i r cu i t s ) .

Us i ng t he pr esen t VLS I t echno l ogy , l a rge numbe r s
o f l og i c ga t es can be i n t egr a t ed on a s i ng l e ch i p . The
s t ruc t ur e we a r e propos i ng i s bas i ca l l y a l a rge a r r ay o f
ve r y s i mp l e ce l l s made o f a memor y b i t and a compa r a -
t or . A s i gn i f i can t e f f or t can be devo t ed t o t he des i gn
and op t i m i sa t i on o f t h i s ce l l i n t e rms o f s i l i con a r ea and
t h i s bas i c bu i l d i ng b l ock can t hen be assemb l ed i n t o
a r r ays o f d i f f e r en t s i ze . I n t h i s way we be l i eve we can
des i gn a CMOS ch i p w i t h 256 ce l l s o f 32 b i t s (4 p l anes
x 8 b i t s ) . We cou l d t hen i mp l emen t a sys t em w i t h 100k

ce l l s us i ng on l y 400 ch i ps .
A cha r ac t e r i s t i c o f VLS I t echno l ogy i s t ha t ch i ps can

be manu f ac t ur ed i n l a rge quan t i t i es a t r e l a t i ve l y l ow
cos t ; t he i npu t / ou t pu t a r ch i t ec t ur e o f our ch i p shou l d
t hen be des i gned t o f ac i l i t a t e t he assemb l i ng o f many o f
t hem i n t o a r r ays o f a rb i t r a r y s i ze . One poss i b l e so l u t i on
i s desc r i bed i n t he f o l l ow i ng sec t i ons .

F i g . 4 shows t he assoc i a t i ve memor y (AM) ch i p and
i t s i npu t / ou t pu t s i gna l s.

CAM bit 1	

CAM bit 2	

CAM bit 3	

CAM bit 4	
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be manu f ac t ur ed i n l a rge quan t i t i es a t r e l a t i ve l y l ow
cos t ; t he i npu t / ou t pu t a r ch i t ec t ur e o f our ch i p shou l d
t hen be des i gned t o f ac i l i t a t e t he assemb l i ng o f many o f
t hem i n t o a r r ays o f a rb i t r a r y s i ze . One poss i b l e so l u t i on
i s desc r i bed i n t he f o l l ow i ng sec t i ons .

F i g . 4 shows t he assoc i a t i ve memor y (AM) ch i p and
i t s i npu t / ou t pu t s i gna l s.
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Track pattern memory 

•  Basic structure : !
–  CAM Cell x # detector layers + Majority Logic = track pattern 

CAM Cell 
L1	

CAM Cell 
L2	

CAM Cell 
L3	

CAM Cell 
L4	
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Ce l l o

Ce l l 1

Ce l l 2

Ce l l 3

M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

Laye r 1

�

Laye r 2

pa t t e rns t o t he even t a t once . To do t h i s we need a
spec i a l t ype o f assoc i a t i ve memor y t o s t or e t he pa t t e rn
bank : each ce l l o f t he memor y i s b i g enough t o ho l d one
pa t t e rn and has enough l og i c bu i l t i n t o compa r e i t s
con t en t s t o t he even t . A poss i b l e a r ch i t ec t ur e f or t h i s
dev i ce i s shown i n f i g . 3 . Each row r epr esen t s one ce l l
and i s des i gned t o s t or e one pa t t e rn . Each ce l l i s s t ruc -
t ur ed i n t o a numbe r o f words , one word pe r de t ec t or
l aye r ( f our o f t hem a r e shown ) . Each word s t or es t he
addr ess o f one h i t on t he cor r espond i ng l aye r . A l l t he
words i n a ce l l de f i ne a pa t t e rn by spec i f y i ng one h i t pe r
l aye r . The Da t a Bus connec t s a l l t he words i n t he same
l aye r , t h i s bus i s used t o l oad t he pa t t e rn da t a i n t o t he
memor y ce l l s dur i ng t he i n i t i a l i za t i on phase . Dur i ng
norma l ope r a t i on , f or eve r y even t , t he coord i na t es o f a l l
t he h i t s i n each l aye r a r e t r ansm i t t ed one a f t e r t he o t he r
on t he cor r espond i ng Da t a Bus ; a l l t he words con t i nu -
ous l y compa r e t he i r con t en t s t o wha t i s on t he bus and
i f a ma t ch i s f ound t he cor r espond i ng f l i p - f l op ( FF ) i s
se t . A f t e r a l l t he h i t s have been t r ansm i t t ed , any ce l l
t ha t has a l l t he f l i p - f l ops se t i s a t r ack cand i da t e be -
cause a l l t he h i t s t ha t de f i ne t ha t pa t t e rn a r e pr esen t i n
t he even t . The addr esses o f a l l t he t r ack cand i da t es a r e
t r ansm i t t ed sequen t i a l l y on t he Ou t pu t Bus. I t i s i m-

por t an t t o no t e t ha t each h i t needs t o be f ed i n t o t he
assoc i a t i ve memor y on l y once . When a h i t coord i na t e i s
p l aced on t he bus a l l t he f l i p - f l ops i n a l l t he ce l l s
con t a i n i ng t ha t h i t w i l l be se t s i mu l t aneous l y . Feed i ng a
who l e even t i n t o t he assoc i a t i ve memor y w i l l t ake a
t i me propor t i ona l t o t he numbe r o f h i t s and w i l l usua l l y
be pe r f ormed i n pa r a l l e l w i t h t he de t ec t or r eadou t . The
ac t ua l pa t t e rn r ecogn i t i on process t akes p l ace w i t h i n t he
assoc i a t i ve memor y dur i ng t he t i me needed t o ex t r ac t
t he i n f orma t i on f rom t he de t ec t or . By t he t i me a l l t he

Laye r 3

Da t a Bus 1

�

Da t a Bus 2

F i g . 3 . Assoc i a t i ve memor y a r ch i t ec t ur e .

5 . VLS I

6 . The AM ch i p

Laye r 4

i

~ f f l mm
l u i

111111111

�

111111111~~ 11111

Da t a Bus 3

�

Da t a Bus 4

m

h i t s have been r ead ou t , a l l t he t r ack i n f orma t i on i s a l so
ava i l ab l e .

Typ i ca l app l i ca t i ons r equ i r e a numbe r o f ce l l s o f t he
orde r o f 100k or mor e . The amoun t o f l og i c i nvo l ved
ru l es ou t t he poss i b i l i t y o f us i ng s t anda rd componen t s
and r equ i r es t he deve l opmen t o f appropr i a t e AS I Cs
(App l i ca t i on Spec i f i c I n t egr a t ed C i r cu i t s ) .

Us i ng t he pr esen t VLS I t echno l ogy , l a rge numbe r s
o f l og i c ga t es can be i n t egr a t ed on a s i ng l e ch i p . The
s t ruc t ur e we a r e propos i ng i s bas i ca l l y a l a rge a r r ay o f
ve r y s i mp l e ce l l s made o f a memor y b i t and a compa r a -
t or . A s i gn i f i can t e f f or t can be devo t ed t o t he des i gn
and op t i m i sa t i on o f t h i s ce l l i n t e rms o f s i l i con a r ea and
t h i s bas i c bu i l d i ng b l ock can t hen be assemb l ed i n t o
a r r ays o f d i f f e r en t s i ze . I n t h i s way we be l i eve we can
des i gn a CMOS ch i p w i t h 256 ce l l s o f 32 b i t s (4 p l anes
x 8 b i t s ) . We cou l d t hen i mp l emen t a sys t em w i t h 100k

ce l l s us i ng on l y 400 ch i ps .
A cha r ac t e r i s t i c o f VLS I t echno l ogy i s t ha t ch i ps can

be manu f ac t ur ed i n l a rge quan t i t i es a t r e l a t i ve l y l ow
cos t ; t he i npu t / ou t pu t a r ch i t ec t ur e o f our ch i p shou l d
t hen be des i gned t o f ac i l i t a t e t he assemb l i ng o f many o f
t hem i n t o a r r ays o f a rb i t r a r y s i ze . One poss i b l e so l u t i on
i s desc r i bed i n t he f o l l ow i ng sec t i ons .

F i g . 4 shows t he assoc i a t i ve memor y (AM) ch i p and
i t s i npu t / ou t pu t s i gna l s.

Each t r ack gene r a t es a h i t pa t t e rn . S i nce t he de t ec t or
has a f i n i t e spa t i a l r eso l u t i on (b i n s i ze ) , many d i f f e r en t
t r acks gene r a t e t he same h i t pa t t e rn . The numbe r o f
d i f f e r en t h i t pa t t e rns gene r a t ed by a l l t he t r acks i s f i n i t e
and i t i s poss i b l e t o s t or e a l l o f t hem i n a su f f i c i en t l y
l a rge memor y . The co l l ec t i on o f a l l t hese pa t t e rns de -
f i nes bo t h t he space o f t he t r acks we a r e l ook i ng f or and
how t hey appea r i n t he de t ec t or : we w i l l r e f e r t o t h i s
co l l ec t i on as t he pa t t e rn bank .

For each even t , a numbe r o f t r acks t r ave r se t he
de t ec t or and a pa r t i cu l a r con f i gur a t i on o f h i t s i s t hus
gene r a t ed : we w i l l r e f e r t o t h i s con f i gur a t i on as t he
even t . A concep t ua l l y s i mp l e way t o pe r f orm t he t r ack
f i nd i ng a l gor i t hm i s t o scan t he pa t t e rn bank and com-
pa r e each pa t t e rn t o t he even t . A t r ack cand i da t e i s
f ound wheneve r a l l t he h i t s i n t he pa t t e rn a r e pr esen t i n
t he even t . Go i ng t hrough t he t o t a l i t y o f t he pa t t e rns i n
t he bank y i e l ds a numbe r o f t r ack cand i da t es .

The numbe r o f d i f f e r en t pa t t e rns t o be s t or ed i n t he
bank depends on t he de t ec t or gr anu l a r i t y and geome t r y ,
and on t he cha r ac t e r i s t i cs o f t he t r acks we wan t t o
de t ec t . As an examp l e we w i l l cons i de r t he s i t ua t i on
shown i n f i g . 1 : t he de t ec t or cons i s t s o f f our pa r a l l e l
p l anes and each p l ane i s segmen t ed i n t o n b i ns . We
cons i de r a l l s t r a i gh t t r acks c ross i ng a l l f our p l anes . We

m

The Pa t t e rn Bank
- - - - - - - - - - - - - - - - - - - - - - - - - - - -

�

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

F i g . 1 . S t r a i gh t t r acks t r ave r s i ng f our pa r a l l e l de t ec t or l aye r s .

M . De l l ' Or so , L . R i s t or i / VLS I s t ruc t ur es f or t r ack f i nd i ng

wan t t o es t i ma t e t he numbe r o f d i f f e r en t pa t t e rns (NP )
t ha t can be gene r a t ed by a s i ng l e t r ack .

A f a i r l y good approx i ma t i on i s

NP = 3n 2 .

By se l ec t i ng one b i n i n p l ane 1 and one b i n i n p l ane
4 we de f i ne a road : t he r e a r e n 2 d i f f e r en t roads . F rom
f i g . 2 i t shou l d be obv i ous t ha t a l l t he t r acks be l ong i ng
t o a road gene r a t e t hr ee d i f f e r en t pa t t e rns cor r espond
i ng t o t he t hr ee subroads de l i m i t ed by do t t ed l i nes .

Expr ess i on (1) can be gene r a l i zed as f o l l ows :

Np = (m- 1)n 2
,

�

(2)

whe r e
NP = numbe r o f pa t t e rns ,
m = numbe r o f de t ec t or p l anes ,
n

�

= numbe r o f b i ns / p l ane .
The ma i n prob l em w i t h t h i s approach i s t ha t t he

numbe r o f pa t t e rns t o s t or e i n t he bank f or a pr ac t i ca l
s i t ua t i on may be ve r y l a rge . For examp l e , i f we cons i de r
4 p l anes w i t h 256 b i ns / p l ane we ob t a i n :

Np = 3x256 2 =2x10 5 .

To dea l w i t h such a l a rge numbe r o f pa t t e rns we
need a l o t o f memor y and we expec t t he process o f
ma t ch i ng a l l t he pa t t e rns sequen t i a l l y t o be ve r y t i me
consum i ng .

4 . Assoc i a t i ve memor y

F i g . 2 . Roads and subroads .
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The pa t t e rn ma t ch i ng a l gor i t hm can be eas i l y i mp l e -
men t ed on a pa r a l l e l a r ch i t ec t ur e because d i f f e r en t pa t -
t e rns can be compa r ed t o t he even t i ndependen t l y and
i n any orde r ; i n pa r t i cu l a r , any numbe r o f compa r i sons
can be pe r f ormed i n pa r a l l e l prov i ded t ha t t h i s i s a l -
l owed by t he ha rdwa r e .

I f our ma i n goa l i s speed , we can t r y t o push t he
degr ee o f pa r a l l e l i sm t o t he l i m i t and compa r e a l l t he
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Required speed for FTK Data Formatter 

FMC connector !
LVDS parallel bus !
with 400Mb/s/ LVDS pair!

ZONE3 for optical modules 6.4Gb/s x 38 fibers!

V7 FPGA (VC7VX690T-2) : 
main engine for data formatter!

58	

QSFP+	

QSFP+	

QSFP+	

QSFP+	

QSFP+	

QSFP+	

QSFP+	

QSFP+	

Z!
O
N
E!
3	

QSFP+	

QSFP+	

Requirement is estimated for <µ> = 80 with enough margin	

ZONE2 for ATCA backplane interconnect!
6.25 Gb/s x 14 lanes !

NOTE : This is requirement for FTK, and available speed on the !
board will be summarized in the later slides	

XC7VX690T-2!
!
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PCB design 
•  14 Layers, symmetric stackup!

–  6 routing layers!
–  2 power planes!
–  6 solid ground planes!

•  Board material is carefully chosen!
for high speed implementation!
–  Nelco N4000-13 EP SI!

!

•  Trace length matching!
in differential signals!
–  GTH "< 5 mil!
–  LVDS "< 50 mil!
–  Clock "< 5 mil!

59	

GTH for RTM	

GTH for Fabric	

LVDS for!
FTK_IM	
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Which CMOS technology? 

AMchip03 to AMchip06 jump of 3 tech. nodes in 10 years. 
AMchip06 to AMchip2020 expect a jump of 2 tech. nodes in ~6 years  28nm 
28nm technology to be evaluated under all aspects before starting design 
     (now just back of the envelope estimate) 
Big question: what will be the full-mask-set cost in 2020? (main driver in tech choice) 
-  Need to investigate current prices before choosing (i.e. before starting design) 
-  Price extrapolation to 2020 non-trivial 
Start design in 2015 with “best guess” for final technology  

State of the art Amchip version Amchip Tech. Full Mask purchase 

180 nm – 1999 AMCHIP03 180 nm 2004 

130 nm – 2002 

90 nm – 2004 

65 nm – 2006 AMCHIP06 65 nm 2014 

45 nm – 2008 (TSMC has 40nm) 

32 nm – 2010 (TSMC has 28nm) AMCHIP2020 28 nm 2020/2021 

22 nm – 2012 

13 

*http://en.wikipedia.org/wiki/Semiconductor_device_fabrication 
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AM chip patterns vs resolution 

•  Low resolution scenario !
•  High resolution scenario 

62	

# available patterns	

 

quantity, defined as the probability that a track (with helix 

parameters within the desired range) intersects at least (M-1) 

of the M silicon layers within a pattern in the bank. In short, it 

is the fraction of reconstructable tracks based only on the 

detector geometry; it describes the geometric efficiency of the 

bank only. Track efficiency instead includes the contributions 

of all the algorithms used in FTK, the clustering of single 

detector channels before the AM and, after the AM, the track 

fitting inside roads whose efficiency is determined by a F2
 cut.  

We generate tracks in the whole detector (no detector 

symmetries are exploited, to prevent alignment problems) and 

we store new patterns corresponding to the generated tracks, 

until the bank reaches the desired coverage. Each layer is 

subdivided into bins (Super Strips, SS) of equal size, each one 

is D� UHFWDQJOH� LQ�ĳ-z space. A pattern is a combination of M 

Super Strips, one in each layer. Only patterns that are hit by at 

least one track are kept. The whole collection of generated 

tracks is the FTK training sample. The bank is generated using 

very large training samples produced with the full ATLAS 

simulation. The geometry and resolution information are 

extracted from the simulated training samples rather than from 

a geometric description of the detector.  

 To maximize the efficiency of the pattern bank for a given 

size, we order the pattern list by the number of training tracks 

that match a pattern. We use this number to define the 

coverage of the single pattern. The larger the number of 

training tracks passing through the same pattern, the larger is 

that pattern’s coverage. We then fill up the available AM 

pattern locations using the most frequently hit patterns,  the 

“high-coverage patterns”. 

 

 
Fig. 1. The coverage and efficiency of the AM bank in the barrel (|K|<1). 

The SS sizes are 16 strips in the r-ĳ�6&7�OD\HUV�DQG���������SL[HOV�LQ�WKH�ĳ��]��
direction in the pixel layers. The arrow shows the chosen operating point. 

 

The number of generated patterns depends on the helix 

parameter range of the training track sample. We have 

selected ranges appropriate to triggering on electrons, muons, 

taus, and heavy quark jets. Azimuth, rapidity and z0 are 

generated flat over the entire silicon detector. Curvature is 

generated flat for tracks of pTt1 GeV �FKRVHQ� IRU� H� DQG� ȝ�
LVRODWLRQ� DV� ZHOO� DV� Ĳ� DQG� E� GDXJKWHUV��� DQG� WKH� LPSDFW�
parameter is flat out to 2 mm in order to be efficient for b-

quarks.  

 Fig. 1 shows a typical curve of track coverage and 

efficiency versus bank size. The coverage is determined by the 

bank only, while efficiency is affected by all the FTK 

algorithms. There is an initial rapid rise as the bank is filled 

with high-coverage patterns, patterns that tracks commonly 

match. Beyond that, the curve rises slowly as less probable 

patterns are added from the tails of the multiple scattering 

distribution (“low-coverage patterns”). Although the 

efficiency for real tracks grows slowly in this region, the 

number of fake matched roads rises nearly linearly with the 

bank size. Thus we have to choose a size that balances the 

need for good efficiency with the need to limit the rate of fake 

matched roads.  Moreover, as the luminosity increases, the 

number of fakes increases rapidly because of the increased 

silicon occupancy. To counter that, we must reduce the width 

of our roads to improve resolution.  

 

 
Fig. 2. (a) Eight patterns are compatible with a straight line when each 

layer is divided into two bins. Pattern number 3 matches the input track. (b) 

The width of the SS in each layer is further reduced by a factor of two and we 

test the four possible patterns consistent with the matched pattern in the 

previous step. 

 

We can use a successive approximation strategy to reduce 

the pattern width. We could repeat pattern matching on the 

same event with ever increasing pattern spatial resolution 

(decreasing pattern width).  Coarser resolution is obtained by 

simply ORing adjacent SSs. Fig. 2 demonstrates how this 

works for the case of straight line tracks passing through a 4-

layer tracker. Fig. 2.a shows the eight possible patterns found 

when a large road (let’s call it “fat road”) is divided into two 

half SSs in each layer. Pattern 3 matches the track’s actual 

trajectory, and it becomes the “parent pattern” for the next 

stage in which the width of the SSs is further reduced by a 

factor of two. Figure 2.b shows that there are 4 possible finer 

resolution patterns, with pattern 3 matching the input track. 

Since there still is a track candidate, we can further reduce the 

SS size by another factor of two. This process is iterated until 

either we reach the final resolution (success) or we are left 

with no track candidate (a low resolution “fake road” seeded 

the search for a real track that doesn’t exist). A fake road is 

one that disappears when we use finer resolution. 

The pattern bank can thus be arranged in a tree structure 

(Fig. 3) where increasing depth corresponds to increasing 

spatial resolution. The tree root corresponds to the incoming 

fat road. Each node not belonging to the final level represents 

one “parent pattern” and is linked to its sub-patterns (pattern 

block), corresponding to a factor of 2 increased SS resolution. 

We could compare each sub-pattern to the event and every 

matched pattern is a track candidate that enables the search at 

the next level. A refined track candidate (thin road) is found 
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whenever the tree bottom is reached. Reaching the intrinsic 
detector resolution, the pattern recognition is complete.  

 
Fig. 3. Hierarchical pattern organization in a tree structure.  

 

However it is not convenient to push the pattern matching 
search down to the detector intrinsic resolution, since a few 
remaining hit ambiguities are easily resolved by the track fitter 
which fits all of the hit combinations in a matched road. The 
tree search is obviously much faster than a purely sequential 
search, but it is also much slower than the AM approach; 
given a certain resolution the AM compares in parallel  all the 
patterns of the corresponding tree level with the event. In the 
tree search, instead the average number of patterns one has to 
examine serially to find a single track [6] is proportional to the 
total number of levels in the tree and to the average number of 
patterns in a pattern block. If there is more than one track in a 
fat road, the number of nodes tested during the tree search 
increases faster than linearly [7] since many fake matches can 
occur at low resolution. 

To maintain the minimum latency for pattern matching, the 
AM road finding approach is preferable. However, if we 
narrow the road width using current technology, the needed 
hardware would become very large and extremely expensive.  
Fig. 4 shows the coverage and efficiency versus bank size 
when the SS sizes are divided by two in the ĳ� direction 
compared to the segmentation of Fig. 1: 8 strips in the r-ĳ�
6&7� OD\HUV� DQG� ��� ����� SL[HOV� LQ� WKH� ĳ� �]�� GLUHFWLRQ� LQ� WKH 
pixel layers. The working point of ~120 M patterns in Fig. 4 is 
roughly a factor 10 larger than that for the bank  of Fig. 1 (~12 
M patterns). Reducing the pattern width by a factor 2 just in 
the ĳ�direction requires a bank a factor of 10 larger to provide 
a similar efficiency.  

We propose an elegant solution to this problem, the 
“variable resolution patterns”.  It allows the use of a small AM 
bank, like the one of Fig. 1, while profiting from the positive 
effects of high pattern resolution  (like the bank of Fig. 4). 

 

 
Fig. 4. The coverage and efficiency in the barrel for the bank with pattern 
width reduced by a factor of 2 along the ĳ�GLUHFWLRQ. The SS sizes are 8 strips 
in the r-ĳ�6&7� OD\HUV� DQG� ��� ����� SL[HOV� LQ� WKH� ĳ� �]�� GLUHFWLRQ� LQ� WKH� SL[HO�
layers.  The arrow shows the chosen operating point. 

III. THE PATTERNS WITH VARIABLE RESOLUTION 

We include in the chip the ability to exploit high resolution 

for each pattern and each layer, but we use a “don’t care” 

feature (inspired from ternary CAMs) to employ such fine 

resolution only when necessary. In this way the shape of each 

pattern2 can be optimized to improve the acceptance for valid 

tracks with maximum fake rejection. The goal of the increased 

resolution is the reduction of the number of fake roads, roads 

that can be removed just by using a better resolution. Fake 

roads at the baseline LHC occupancy are a very large fraction 

of the total number of roads found for an affordable AM 

system without variable resolution. 

High-coverage patterns cause most of the bank size 

increase when pattern width is decreased. The tree 

representation of the bank shows that the high-coverage 

patterns are those that produce many sub-patterns (Fig. 5). 

High-coverage patterns are very symmetric, being compatible 

with many possible different tracks as can be seen in the 

figure.   

For this reason the probability that a fake road survives a 

single step of resolution improvement is high. If the high-

coverage pattern matches the event, there is a good probability 

that more than one sub-pattern will also match the event. To 

kill high-coverage fake roads, many steps in the tree are 

necessary.  Thus the high-coverage patterns are retained at low 

resolution in the pattern-bank since the resolution needed to 

significantly reduce their fakes is beyond today’s 

technological reach. 

However the main cause of the fakes found by a standard 

AM is the large number of low-coverage patterns for a bank 

with narrow patterns. In  Fig. 1 the 90% efficiency is reached 

easily just after the rapid raising part of the curve. In Fig. 4 

instead the high-coverage patterns provide only a limited 

efficiency (~80%) and the last 10% gain is reached only if a 

very large number of low-coverage patterns are included in the 

bank.  These low coverage patterns produce most of the fakes, 

 
2 The shape of a pattern is given by the width of the super strip in each 

layer. 
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Property of AM approach 
•  Input hits are compared with !

all stored patterns simultaneously!
– Massive “parallelism” of pattern recognition!

•  Processing time is linear in the number of hits !
– As soon as all the detected hits are loaded, !

the pattern recognition will be completed!
–  Fast pattern recognition device!

•  Availability for optimization !
– Majority logic (such as 7 out of 8) for hit inefficiency!
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Fast TracKer system diagram 
0. Copy hit data to FTK!
(Dual S-link optical link interface)!

Transmitter to FTK	

64	

ATCA	

VME	

FTK HLT Interface Crate!
(FLIC)	ATCA	

AM board!
Track finding	

AUX card!
1st Track Fit	

AM board!
Track finding	

AUX card!
1st Track Fit	

1. Input clustering mezzanine (IM)!
2. Data Formatter (DF)!
•  Organize SLINK input into 64 overlapping FTK 

eta-phi towers for parallel processing!

3. AM Board + AM Chip!
•  Track finding with 8 layers on !

Associative Memory (AM) chips!
4. AUX board!
•  1st stage fitting with 8 layers !
•  Interface to the DF / AM board!
5. Second Stage Board (SSB)!
•  Track extrapolation to remaining layers!
•  2nd stage fitting with 12 layers!
•  Global duplication removal!

6. FLIC board!
transmission of tracks to the HLT ROSs 
using the standard ATLAS protocol!

Preparation for FTK tracking	

Parallel processing !
Tracking Engines (64 trigger towers)	

Interface to the HLT	
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Beyond FTK : L1 tracking 
High Luminosity LHC (Run4) : Luminosity = 5 x 1034!

Expected pile-up event multiplicity average ~140 (peak ~ 200)!
Tracking information in early trigger stage is “must” !

in both ATLAS & CMS in order to maintain physics opportunity!
!
!
!
!
!
!
!
!
"!
!
!
!
"!

Further challenges : shorter latency, higher event rate, larger data volume than FTK!
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1032 cm-2s-1 1033 cm-2s-1 

1034 cm-2s-1 1035 cm-2s-1 


