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Motivation

o A fast arbiter is one of the most dominant factors for
high performance network switches

e E.g. ATM (Asynchronous Transfer Mode) network
* Also used in Network-on-Chip
* Hardware implementation need to be verified
* NxN round-robin arbiter: 2N x N cases



Related Work

* Curzon’s work using HOL theorem prover
e Pros: exhaustive, interactive

e Cons: not scalable (limited to 4x4 case), need
fundamental modification to extend to 16x16 case

* Chen et al. using SMV

e Pros: automatic through SMV

e Cons: not exhaustive due to the way model was reduced
* Tahar et al. using MDG

e Pros: MDG avoids model explosion

e Cons: not exhaustive due to the way model was reduced
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* Switches cells
from N input controllers to N output controllers

* Different inputs destined for the same output?
e only one will succeed
e others are rejected, must retry later

* Arbitrates between these cells




_ Arbiter

routeoHtgbhable | 5 X&i@fant
ARBHER XYY
REje:  —¢—> - Y§i@ant

03

* There are N arbiters: one for each output port

» Each arbiter arbitrates the requests from N input ports
* [tReq: 1-bit per input port

* Qutput: vector encoding of arbitration result



Round-robin Arbitration

* Request with highest priority in round-robin order is
granted in each cycle

» Fairness (no starvation)

* Worst-case wait time: #requestors - 1



Symbolic Trajectory Evaluation

* Formal verification technique based on ternary
symbolic simulation

* Specification:  ant ~> cons
ant, cons are trajectory formula

* Verification: cktSat C ant ~> cons
e Circuit Model
o V=, {ff, tt, X, T} dual-rail encoding

e A circuit state is an instantaneous snapshot of a circuit
behavior given by an assignment of V to nodes of the
circuit



neralized
Symbolic Trajectory Evaluation

* STE can only deal with bounded time

* Generalized Symbolic Trajectory Evaluation (GSTE)
e extension of STE
e deal with properties ranging over unbounded time

e Properties are specified by assertion graphs, which are
V-automaton
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write = AndList [Is1 wr, din isB bD, a isB bA]
retain = AndList [wr isB bWr, aisB (bWr — — bA)]
read = AndList [Iso wr, a isB bA]

outResult = dout isB bD



| STE for Memory Cell

ant = AndList [write, Next retain, Next? read]
cons = Next? outResult

ant ~> cons






Verify one round of arbitration

e (Given:

e last value selected
* Return:

e the next highest value requested

e with suitable wrap around from the highest possible
request to the lowest



One Round of Arbitration

Table 1: Ternary-valued Truth Table

reqgl regl reg reqd xGrant viGrant xGrant’ yviGrant’
x ff ff ff ff ff ff ff
X tt x X ff ff ff tt
* ff tt X fF ff tt ff
x ff ff tt ff ff tt tt
fF b ff ff ff tt ff it
x - tt X fF tt tt fF
X 4 fF tt ff tt it tt
tt X fF ff fF tt fF i
f ff x ff tt ff tt ff
* * X tt tt ff tt tt
tt X x ff tt ff ff ff
ff tt x ff tt ff ff tt
fF ff ff X Tt Lt 48 Tt
tt X x X tt tt ff ff
fF tt * * it tt ff tt
ff fF t X tt tt tt ff



conatyy = —yurantVa—xGrantVi —reqVy & —regVal—ragis, l

congtry = —yGrantVi—xGrantVireqgy;,
congtry = —yGrantVi —xGrantVi ~reqVy LreqVy,
constry = —yGrantVi —xGrantVi —reqVy & —reqVadereqVs,
constry = yGrant& —xGrantVi —reqVa&—reqVs&—reqis,
gt % constrg = yGrant& —xGrantVireqVs),

S p e C I fl Ca t I O n constrg = yGrant& —-xGrantVi —reqVadreqVs,

constry = yGrant& —xGrantVi —reqVs&—reqVzd:reqVy,
constrg = —yGrantVixGrant& —reqV&—reqVs&—reqVs,
constry = =yGrantVixGrant&reqVa,
constryn = =yorantVixGranti =reqVa&reqVs,
constryy = =yorantVixCrant&ireqVy & -reqVad:-reqVs,
constryz = yorant&xGrant&~reqVi & ~regVad—TegVs,
constrya = yerant&xGrant&reqVe,
constryy = yorant&xGrant&reqVyd:—~reqVy,
constrs = yorantixGrant&reqVy ereqVz&—ragVy
consy = When constry AndList[Is0 xGrant, Is0 yGrant],
When constrg AndLiit[I;D arant. Isl EErnnt;
cons; = When constrs AndList[Is1 xGrant,K Is0 yGrant,
congy = When constrs AndList[Isl xGrant Isl yGrant,
congy = When conetry AndList[I=0 mGrant,Iel yGrant],
congg = When conetrs AndList[Isl xGrant Is0 yGrant,
congy = When conetrg AndList[Isl xGrant Isl yGrant],
congy = When conetry AndList[Is0 xGrant Is0 yGrant],
congy = When constrg AndList[Isl xGrant Is0 yGrant],
congy = When constry AndList[I=zl xGrant Isl yGrant],
congypy = When conatryy AndList{I=0 xGrant,K Ia0 yGrant].
congyy = When conatryy AndList{Is0 xGrant, Isl yGrant|.
congiz = When conatryz AndList{Isl xGrant, Isl yGrant|.
congiz = When conatriz AndList{Is0 xGrant, Is0 yGrant|.
consia = When constris AndList|{Is0 xGrant, Isl yGrant|.
consig = When constrie AndList|Isl xGrant, Is0 yGrant|,
ant = AndList|grantbvAregrantV, reqbvArereqV|,
cons = Next AndList|consg, consi,...,consis|,
assert = ant ~+ COns
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GSTE specification

let rat = Izl reset:

let nlat = [ad reaset:

let rtE = Izl routeEnable;

let trans O 1 = AndList[nRat, rtE Ial reql];

let trans O 2 = AndList[nRat, rtE, Iad reql,Ial reqZ;

let trans O 3 = AndList[nRat, rtE, Ia0 reql,Is0 req2, Isl req3|
let trans 0 0 = AndLiszt|nRat, rtE, Ial reql,Iald req2, Is0 reqd|
let trans 1 2 = AndList|nRat, rtE,Ial reql|;

let trans 1 3 — AndList|nRsat, rtE, Is0 req2, Isl req3;

let trans 1_©O = AndList|nRst, rtE, Is0 req2, Is0 req3,Isl reqd
let trans_1_1 — AndList|nRst, rtE, Is0 req2,Is0 req3d, Is0 req|
let trans_2_ 3 — AndList|nRst, rtE, Isl req3);

let trans_ 2 0 = AndList|nRst, rtE, Is0 req3d, Isl reql);

lat trans_2_ 1 = AndList[nRst, rtE, Is0 req3, Is0 reqd, Isl reqll
lat trans_2_2 = AndList|[nRst, rtE, Is0 req3, Is0 reql, Is0 reqll
lat trans_3 0 = AndList[nRst, rtE, Isl reqd);

let trans_3_1 = AndList[nfist, rtE, Is0 req0, Isl reql]; |
let trans 3 2 = AndList _nH.:iI:.rtE. I §-14 r-u:q_{l, IN-1% :'-l:r-|:_|_11 151 'rm:_li_:
let trans 3 3 — AndList[nRst rtE Is) reqd Is0 reql Is0 req2




Round robm Arbiter

lat otherintal = lIE-l'} ‘reagat’ "routekEnable j
lat transld i 0 width H =
(1,1,

AndlList ((map Ia0 (req subtract [reqli])}iotherAntsL),
(grantOut bvAre {encode i width))]
/% tranal] 1 j widthN =
let ' = (i + j)%N in
let negheqs = 1 upto (j — 1) in
let negheqs = map (‘k.(reg!{(k 4 i)%H)}) negRegs in
let ant = AndList ({(map Is0 negRegs)
unicon [Isl (req!j')|)ftotherAntsl) in
lat newlast = (encode i width } in
lat cons = (grantOut bvAre newLast) in
(i,j". ant, cons);
let transFroml WIDTH i =
lat NUM_PORTS = 2+ «*WIDTH in
map (\j.transIJ i j WIDTH NUM_PORTS)
(0 upte (NUM_PORTS — 1));
let transFrom WIDTH =
let NUM_PORTS = 2 + =*WIDTH in
flat [map transFromI (0 upto [NUM_PORTS — 1))):
let ag WIDTH =
let initEdge = (0,1, I=1"reset™) in
initEdgedi
(map (' (from,to,ant, cons).
(from + 1.to + 1, ant, cone)} transForm);




Experimental Results

Table 2: Experiments

ARBITER GSTE STE
N || flats | fgates || time | mem | time | mem
sec. MB sec. | MB
8 3 280 0.1 12.3 || 0.02 | 8.2
16 4 1310 1.2 19.2 | 0.05 | 10.3
32 5 6180 34.2 50.5 || 0.34 | 20.8
64 6 28714 || 1217.9 | 361.3 || 4.43 | 73.0




Response property specifies that once a request reqi is set high
from a state and zept high, then the request will be granted after
several cycles. The worst case waiting time for the request to be
granted can also be predicted.

Example : Consider a state where the value of grant is

|ff, tt], which means that the last request granted is req2, if the
request reqz is set high again and kept high, then the request
will be granted (or the value of grant is set [ff,tt] again) after
at most 4 cycles. Namely, the worst-case waiting time for this
request to be granted is 4.
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GSTE Specificatio

rat = Isl reset;
antSet = AndList [IsO reqO,Is0 reql,lsl req2,|s0 req3]
ants_vSet_3 = AndList[Isl req2, Isl req3];
ants_vSet_0 = AndList[Isl req2, Is0 req3, Isl req0|;
ants_vSet_1 = AndList[Isl req2, Is0 req3, Is0 req0,
Is1 reql]:

Is0 reql];
ants_3 0 = AndList[Isl req2, Isi
ants_3 1 = AndList[Isl req2, Is0
ants_3 2 = AndList[Isl req2, IsO
ants_0_1 = AndList[Isl req2, Isi
ants_0_2 = AndList[Isl req2, Is0
ants_1_2 = AndList[Isl req2|;

ants_vSet_2 = AndList[Isl req2, Is0 req3, Is0 req0,

reqo);
reql, Isl reql];
req0, Is0 reql,|:
reqt];

reqt];

cons_ 2 — ﬂndLiEt[IElZ} grantp, Isl granti];




Constraint-based

Randomly walking around the edges of GSTE
graph
















' HOL specification

let SUC_MODN N last =
(last + 1 =1len) => o | (last + 1);

letrec RoundRobin o requestSet last N = o
/\ RoundRobin n requestSet last N =
let tryNext = SUC_MOD N last in
((tryNext mem requestSet) => tryNext
| RoundRobin (n - 1) requestSet tryNext);

let RoundRobinArbiter N requestSet last =
(requestSet = [|) => NORESULT |

(RESULT (RoundRobin N requestSet last));



' HOL Specification (part 2)

let RequestsToArbitrate o reqVect = []
/\ RequestsToArbitrate n reqVect =
(requests ! (n-1)) =>
([n] union (RequestsToArbitrate (n-1) requests)
|RequestsToArbitrate (n-1) requests;

let SuccessFulllnput last reqVect =
let requestSet =
RequestsToArbitrate (length reqVect) reqVect in
(RoundRobinArbiter (length reqVect) requestSet last);

let GrantForOut reqVect grantVect =

let sucInp = SuccessFulllnput (BNVAL grantVect) reqVect in
(suc_inp = NORESULT) => grantVect
| (val (RESULT result = suclnp) in
VAL2VEC (length grantVect) result));



