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Executive Summary

In this document we describe two case studies that we pegfibusing the property-
based synthesis techniques developed in the PROSYD projeefirst case study
is the generalized buffer, an IBM tutorial design used atstihné error localization
case study. The second case study is the arbiterdor's AHB bus. This case
study demonstrates that property synthesis can be useeédblife commercial
control blocks.

Automatic synthesis of logic from its specification has |dreen considered an
unattainable dream. The conclusions of the case studighatré is no longer a
dream. Although we still run in to size restrictions relativearly, we are able to
synthesize realistic examples.

In this document, we show the specifications that we derivedHe two case
studies, we describe how to generate circuits from thetsesfithe synthesis algo-
rithm, and we discuss the benefits and disadvantages ofrpydpesed synthesis.

1This document is based in part on a paper coauthored withidim®an.
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Purpose

The purpose of this document is to describe the effort dorierasyd Workpack-
age 2 on property synthesis, in particular, Deliverablél? fBe case studies.

Intended Audience

This guide is intended for people that want to evaluate tlengges of synthe-
sis from specifications. A basic understandingpst. and formal verification is
assumed but this document does not go into great technitzl.de

Background

Synthesis of linear-time formulas is closely relatedCtourch’s problemwhether
one can automatically synthesize circuits for specifisagiiven in S1S [Chu62]. It
was formalized forLTL by Pnueli and Rosner [PR89a] and their approach carries
over topsL. Recent work performed within Prosyd (Deliverable 2.2/&|ierable
1.2/7, and [PPS06a]) has yielded a powerful method for ggistof a major subset

of LTL andPsL We employ this method here.

ive Property-Based Synthesis Case Study
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Glossary

Acceptance Condition

A condition defining how an infinite automaton accepts an tirghject. We use
Biichi and co-Buchi acceptance conditions both defined bgt af states-. An
input word is Biichi accepted by an automaton, if the setaiestvisited infinitely
often while reading the input word intersects thelsebDually, a word is co-Buchi
accepted if the set of states visited infinitely often dodsmersect-.

Alternating Tree Automaton
An automaton with an arbitrary branching mode running oedre

Atomic Proposition
An atomic proposition of a formula in a propositional logiriesponds to signals
in a design or implementation.

AWT

Alternating Weak Tree Automaton. An alternating tree awton with a particu-
larly structured state space. The states are partitiortecpautially ordered sets.
Each set is classified as accepting or rejecting. The trandiinction is restricted
so that in each transition, the automaton either stays atahme set or moves to a
set smaller in the partial order.

Branching Mode

The branching mode is a way to classify automata. We disishgioetween four
branching modes: Deterministic, nondeterministic, ursgk and alternating. In
a deterministic automaton, the transition function mapsfistate and letter to a
single state. The transition functions of nondetermioisiid universal automata
map to sets of states. The automata differ in the way theypaeseinput word
or tree. In a nondeterministic automaton the suffix of thednar tree should be
accepted by one of the states in the set. In the universainatitm all states in the
set have to accept the suffix. An alternating automaton ce@ handeterministic
and universal edges.

Infinite Game

A finite state machine on which two players, the protagonist the antagonist,
determine the run, by each determining part of the input. Jdmme comes with
a winning condition and the task of the protagonist is to msle that the run
satisfies this condition.

Language Emptiness
The language of an automaton is empty iff the automaton & cepinput object
(word or tree), that means there is no accepting run for thisraaton.

LTL
Linear Temporal Logic or Linear-time temporal logiciL is a temporal logic for
property specification in formal verification [Pnu77].

LTL Game

An infinite game where the winning condition is givenias formula. All plays
in which the sequence of states visited fulfill the given falanare winning for the
protagonist. Otherwise the antagonist wins.

Property-Based Synthesis Case Study Table of Figures e vii



Mu Calculus
A calculus of predicates and binary relations which enatlging and solving
relational equations among states.

NBT
Nondeterministic Blichi Tree Automaton. An alternatingetrautomaton with
Buchi acceptance condition and nondeterministic brargchiode.

NBW

Nondeterministic Buichi Word Automaton. An alternating@uaton with Bichi
acceptance condition and nondeterministic branching mdtle automaton runs
on words.

PSL
Property Specification Language, the language for spetdicaf designs upon
which PROSYD is based.

PSL Game
Similar to anLTL game but with @sL formula as winning condition.

Realizable

A given formulay over a sets of input and outputO signal is realizable if there
exists a strategy : (2')* — 2° such that all the computations of the system gener-
ated byf satisfyy. Intuitively, a specification is realizable if there exiatsystem
that can respond in such a way that independent of the infugv¢he environment
chooses the combination of inputs and outputs always &itfik given formula.

RTL

Register Transfer Level (RTL) is a way of describing the agien of a digital
circuit. In RTL design, a circuit’s behavior is defined inrtex of the flow of signals
or transfer of data between registers, and the logical tipasaperformed on those
signals.

Synthesis
The process of automatically generating a design from anggpecification. For-
mally, check if the given specification is realizable and finditness.

UCT
Universal co-Buchi Word Automaton. An alternating tredasmoaton with co-
Buchi acceptance condition and universal branching mode.

Verilog
A hardware description language used to design electrgstess at the compo-
nent, board and system level.

VHDL

VHscI Hardware Description LanguageHbL) is a hardware description lan-
guage used to design electronic systems at the componemt], &od system level.
VHDL allows models to be developed at a very high level of abstnact

VHSCI
A vHscCI is a Very-High-Speed Integrated Circuit, a type of digitait circuit.

Winning Strategy
A recipe with which a player is guaranteed to win an infinitengano matter what
the other player does. A finite state strategy may depend oite finemory of the
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past, i.e., the move the strategy suggests can depend daysenoves of the two
players. A memoryless strategy depends only on the curtatet of the game.
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1 Introduction

We propose to usesL as a high-level hardware description languaggL &lows
for a compact and unambiguous representation of a blockrdfNae. When used
as a basis for synthesis, it yields a design that is correatdmgtruction. The
idea of automatic synthesis from specifications is old, m&duto be completely
impractical. Recently, great strides towards efficientlsgsis from specifications
have been made. In this document we show that these methndsecased to
synthesize real-life blocks of control logic from specifioa. We use two case
studies in which we synthesize a controller for a generdltagfer and an arbiter
for ARM’s AMBA AHB bus from theirPsL specifications.

To our knowledge, this is the first realistic example that hesn synthesized au-
tomatically from its specification. Previous work has beaarited to toy examples

such as elevator controllers and traffic light controlldd&Rk505, JB06, PPS064a].
This work is the first to tackle a block of logic that is empldymmmercially.

As the complexity of digital circuits keeps increasing,réhare two central ideas
that have been proposed and widely adopted in order to déaltkis mounting
complexity. The first idea is that the development of desigimsuld start at a
very high level of specification, much higher than the comrmaactice of start-
ing design developments at theL level. Once such a high-level specification is
created and analyzed, the development should continueepywgse refinement
of the design going through the phasesof (equivalently,VERILOG or VHDL)
description, gate-level, etc. The second idea is that edehlevel transformation
should be formally verified, in order to guarantee the integf the development.

In this document we consider an alternative. Instead of manderiving aveR-
ILOG implementation to be followed by formal verification, we §pan automatic
high-level synthesiprocess which generates a correct-by-constructieRILOG
code directly from the>sL specification. For simplicity, we will refer to this form
of high-level synthesis as “synthesis”, but emphasizeitisfiould not be confused
with the synthesis of a gate-level description freeRILOG, RTL code, or from a
high-level behavioral description.

In this deliverable, we demonstrate the viability of thetbysis approach for the
derivation of a correcVERILOG code from aPSsL specification.

Automatic synthesis of digital designs from (temporal)itad specifications has
always engaged the imagination of many designers and hasbasidered as one
of the most ambitious and challenging problems in circudligie. First identified
as Church’s problem [Chu63], several methods have beemgeddor its solution
[BL69, Rab72]. The problem has been considered again in9BRA the context
of synthesizing reactive modules from a specification givehinear Temporal
Logic (LTL), which is a subset obsL. The method proposed in [PR89b] for a
given LTL specificationd starts by constructing a Biichi automatsg, which is

Property-Based Synthesis Case Study Introduction e 1



then converted into a deterministic Rabin automaton. Toigte translation may
reach a doubly exponential complexity in the sizeyof

The high complexity established in [PR89b] caused the ®gishprocess to be
identified as hopelessly intractable and discouraged meastiffoners from ever
attempting to use it for any sizeable system developmernitthége exist several
interesting cases where, if the specification of the desigmetsynthesized is re-
stricted to simpler automata or partial fragmentsLof, it has been shown that
the synthesis problem can be solved in polynomial time. Mgajogress has been
achieved in PROSYD Deliverable 2.2/1 ([PPS06b]), whichnghthat designs can
be automatically synthesized framL formulas belonging to the class géneral-
ized reactivityof rank 1 (GR(1)), in timeN® whereN is the size of the state space
of the design (see Section 3.4 and 4.3). The class GR(1) £ tivervast majority
of properties that appear in specifications of circuits.

In this document we synthesize a generalized buffer thalss @sed in the er-

ror localization case studies and that constitutes a goathpke because a rela-
tively complete set of specifications had already been ewittFurthermore, we
demonstrate the application of the synthesis method tocfi@dion of one of the

AMBA buses [ARM99]. We chose this example because it reprissz character-

istic industrial case which is not too big.

Apart from the case studies we discuss how to generate tsifcoim the BDDs that
the synthesis approach generates, and we discuss the banefiisadvantages of
automatic property synthesis.

The paper continues as follows: in Section 2, we (brieflyoidtice theesL spec-
ification language and the synthesis method as developeédlineable 2.2/1. In
Section 3, we discuss the case study of the generalized lauftein Section 4, we
discuss theMBA arbiter. In Section 5 we describe how the circuit is generate
Finally, in Section 7 we present our conclusions.

A paper containing the experiences described in this dontiives been accepted
for publication at the 2007 Conference on Design Automadiot Test in Europe.
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2 Preliminaries

2.1 Property Specification Language

We will briefly recapitulate the definition afsL inasfar as it is needed in this
deliverable. For a full exposition we refer the reader toQ&F

We consider a set of propositiodd® and infinite sequences of truth assignments
to AP. We refer to such sequences as infinite words over the alpl2aBe We
denote the set of all infinite words ovet2by (247)®. We denote byB(AP) the
set of Boolean formulas oveéP.

The syntax ofsL formulas used in this document is definedpas=

bll=¢[[dvollord|[d—d[[d ¢
¢ until_¢ ||

¢ before ¢ || ¢ before_ ¢ ||
eventually! ¢ || always ¢ ||

next! ¢ || prev(¢)

next_event! (b) (¢) ||

rose(b) || fell(b), whereb € B(AP)

Furthermore, we use the abbreviatpruntil_[j] ¢ (proposed in Deliverable 4.3/1
as extension teslL) to state nestedintil_ formulas.

We do not give the formal semantics®éL but rather explain intuitively what the
temporal operators stand for. Boolean connectives argitied in the usual way.
The formulad; until ¢, holds if¢1 holds continuously untip, holds (or forever,

if that never happens). The formufa until_[j] $» means that; holds up to
and including thgth time ¢, holds (or forever, if that never happens). The formula
¢1 before ¢, holds if the next occurrence df; holds strictly before the next
occurence ob; (if any such occurence exists). The formdlabefore_ ¢, holds

if the next occurence af; holds before or simultaneous with the next occurence
of ¢ (if any such occurence exists). The formuatgentually! ¢ holds if¢p holds

in some future (or present) time. The formalaways ¢ holds if ¢ holds forever.
The formulanext! ¢ holds if in the next time step holds andprev(¢) holds

if ¢ held in the previous step. Finally, the formulext_event! (b) (¢) holds if ¢
holds at the next timb holds,rose(b) andfell(b) hold when signab has made

a transition from low to high or from high to low, respectiyel

Property-Based Synthesis Case Study Preliminaries e 3



2.2 Synthesis of GR(1) Properties

We briefly review the results presented in Deliverable 2.Réliverable 1.2/7, and
[PPS06b] on checking realizability and synthesizing of GRroperties. We are
interested in the question afalizability of PsL specifications (cf. [PR89b]). As-
sume two sets of Boolean variablesand 9. Intuitively x is the set of input
variables controlled by the environment ands the set of system variableReal-
izability amounts to checking whether there exist©pen controllerthat satisfies
the specification. Such a controller can be represented agtamaton which, at
any step, reads values of thevariables and outputs values for thevariables.
We consider the realizability argynthesisnamely, the construction of such con-
trollers, by solvinggamesover a graph whose nodes are all the possible truth
assignments tar andy .

Here we concentrate on a subsetsi for which realizability and synthesis can
be solved efficiently. The specifications we consider ar@eform¢ = ¢€ — ¢°.
We require thad® for a € {e s} can be rewritten as a conjunction of the following
parts.

e ¢ —a Boolean formula which characterizes the initial stafeth® imple-
mentation.

e ¢ —aformula of the form\;., always B; where eaclB; is a Boolean com-
bination of variables fromx U9 and expressions of the foriext! vwhere
ve x if a=e andve x Uy otherwise.

o ¢g —has the form\;., always eventually! B; where eaclB; is a Boolean
formula.

In order to allow formulas of other forms (e.glways (p— (q until! r)) where

p, g, andr are Boolean, or the formulas in Section 3.3 and 4.2) we augthen
set of variables by adding deterministic monitors. Deteaistic monitors are vari-
ables whose behavior is deterministic according to thecehof the inputs and
the outputs. These monitors follow the truth value of theregpion nested inside
the always operator. We rewrite these types of formulas to the fammays
eventually! B whereB is a Boolean formula using the variables of the monitor.

We reduce the realizability problem ofsL formula to the decision of the winner
in an infinite two-player game played between a system anagroement. The
goal of the system is to satisfy the specification regardiédbe actions of the
environment. Agame structurds the multi-graph whose nodes are all the truth
assignments tac ando. A nodev is connected by edges to all the nodés
such that the truth assignmentsatoand 9 satisfy ¢ A ¢ wherev supplies the
assignments to the current values ahtb the next values. We then group all the
edges that agree on the assignmenioih V to one multi-edge. A play starts
by the environment choosing an assignment tand the system choosing a state
in ¢ A ¢7 that agrees with this assignment. A play proceeds by the@mvient
choosing a multi-edge and the system choosing one of thesramataected to this
multi-edge. When this interaction produces an infinite play system wins if in
addition it satisfiegg§ — ¢g.

4 e Preliminaries Property-Based Synthesis Case Study



We solvethe game, attempting to decide whether the game is winninghto
environment or the system. If the environment is winningdpecification iaun-
realizable If the system is winning, weynthesizea winning strategy which is a
working implementatioffor the system. Formally, we have the following.

Theorem 1. [PPS06b)Given sets of variables and9 and apsLformula¢ of the
form presented above with m and n conjuncts, we can detemsing a symbolic
algorithm whethei is realizable in time proportional tomr2d+1X1+1"1Y3 where d
is the number of variables added by the monitorsdfor

Property-Based Synthesis Case Study Preliminaries o5
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3 IBM GenBuf

________ GenBuf

Sender3 +=SAKE)

The generalized buffer (henceforth referred t@anBu) is a design that has been
developed by IBM as a tutorial for the Rulebase verificatmoit GenBuf comes
with a relatively complete specification #sL. We have synthesized the control
logic of GenBuf.

Figure 1 contains a block diagram of the design and its iatexf Dashed boxes
represent the environment.

I
StoB_REQ(0
0B_REQ(0) »

I BtoS_ACK(0) Control
=

I
| DI(0..31)

| StoB_REQ(1), BtoR_REQ(0)
I BtoS_ACK(1) RtoB_ACK(0)
g

— ]
I
, DI(32..63) I

| StoB_REQ(2), > '

Sender2 E&QACKA BloR_REQO) | | Receiverl

| RtoB_ACK(1) ,
—
| DI(64..95) [

! StoB_REQ(3),

I
| DI(96..127)

I ALdNST
11n4d

!

)

D(0..31)

vy

/
Yo m - (T0)o1s

|
=+
o

Figure 1: Block diagram of GenBuf

GenBuf connects four senders to two receivers. Data isanffby the senders in
an arbitrary order, and is received by the receivers in reobih order. The buffer
has a handshake protocol with each sender and each redeoreeach sender
GenBuf has an input StaBEQ(i) (sender to buffer request), which signals a re-
quest to send. It also has an acknowledge output, BiGR (i) (buffer to sender
acknowledge). Furthermore, each sender has a 32-bit datatsend data to the
buffer. The buffer contains a four-slot FIFO to hold the data

On the receiver side, a similar interface exists. It corméwoe buffer to each re-
ceiver using the output BtaREQ(j) (buffer to receiver request) and the input

2See http://www.haifa.ibm.com/projects/verification/RBmepage/tutorial3/.
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denoted RtoBACK(j) (receiver to Buffer acknowledge). The receivers share a
single 32-bit data bus.

Genbuf consists of a controller, a FIFO, and a multiplexere $Ynthesize the
controller from its specification, and we assume that thelempntation of the
FIFO and the multiplexer are given. FIFOs and multiplexeesstandard pieces of
logic and synthesizing them from specifications would makdask unnecessarily
complex, especially because they involve the 32-bit dasasu

The control logic communicates with the FIFO through twopoi$ and two in-

puts. The outputs ENQ (enqueue date) and DEQ (dequeue datedtare used to
filland empty the FIFO. The inputs FULL and EMPTY tell the amfier whether

the FIFO is ready to receive or send data. The controller conicates with the
multiplexer using a two-bit output called SLC determinescahirsignal from the

clients is loaded when ENQ is asserted.

3.1 Handshake between Senders and GenBuf

The interface between a sender and GenBuf is a four-phasisinake, illustrated
in Figure 2:

1. When senddrhas data to send, it initiates the transfer by raising SRERYi).
One cycle later, it puts its data on the bus.

2. When the GenBuf is ready to receive the data, but at leasttiok after
StoB.REQ(i) is raised, it raises Bta®CK(i) and reads the data.

3. One tick after BtoSACK(i) is raised, the client lowers StoaREQ(i). From
this time on, it is no longer required to keep the data on tlse bu

4. GenBuf eventually lowers BtoBCK(i). It may take several cycles to do
so. A new transfer may not be initiated by sendemtil one cycle after
BtoS ACK(i) is lowered.

0 1 2 3 4 5 o) 7 8

<L S N O I
StoB_REQ / ] 7 7X
BtoS_ACK 1o . 7 7 \7

DI

Figure 2: An example of a Sender-to-GenBuf handshake
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3.2 Handshake between Receivers and GenBuf

The handshake between GenBuf and the receivers also sonifiur phases,
illustrated in Figure 3.

1. When GenBuf wants to send data to a receiver, say recgivierasserts
BtoR.REQ(j) and puts the data on the DO bus.

2. When receivejj is ready to receive data, it raises Rt@&K( ) and reads
the data.

3. One cycle later, GenBuf lowers BtdREQ(j). It may now remove the data
from the bus.

4. One cycle later, receivgrfinalizes the transfer by lowering RtoRCK( ).
GenBuf does not initiate another transfer until one cyderaRtoB ACK(j)
has been lowered.

Pacininininininininl
BtoR_REQ f — ** ffffff I

o | [ 1 | [X]

Figure 3: An example of a GenBuf-to-Receiver handshake

3.3 Formal Specification

We will now present the specification that we have developedsenBuf. It is

closely related to IBM's original specification which canfband in Section A.1 of
the appendix. Since we do not synthesize the FIFO and nexgplautomatically,
we have removed the specifications that stated that they wamectly and we
have added formulas that specify the interaction with tieCFand multiplexer. In
the course of synthesizing GenBuf we found and correcteerakmistakes in the
original specification.

In the following, we use € {0,1,2,3} to denote the number of a sender. We use
j € {0,1} to denote a receiver.

Property-Based Synthesis Case Study IBM GenBuf e 9



Communication with Senders
Guarantee 1. A request from a sender is always acknowledged.
Vi :always (StoBREQi) — eventually! BtoSACK(i))
Furthermore, the acknowledgement is eventually lowered.
Vi :always (-StoBREQ(i) — eventually! -BtoSACK(i))

Guarantee 2. Immediate acknowledges are forbidden, because the dataeof t
sender are not valid until one step after the assertion ofiest;

Vi :always (rose(StoBREQ(i)) — —BtoSACK(i))
Guarantee 3. There is no acknowledgement without a request.
Vi :always (rose(BtoSACK(i)) — prev(StoBREQ()))

Guarantee 4. An acknowledge is not deasserted unless the sender deaisert
request first.

Vi :always ((BtoSACK(i) A StoBREQi)) — next! BtoSACK(i))
Assumption 1. A request is not lowered until it is served.
Vi :always (StoBREQi) A -BtoSACK(i) — next! StoBREQ())

The signal StoBREQ(i) is lowered one cycle after BtoSCK(i) is raised and it
cannot be raised until one cycle after Bt&&€K(i) is lowered.

Vi:always (BtoSACK(i) — next! -StoBREQ))
Guarantee 5. Only one sender sends data at any one time.

Vivi’ #£1 : always —(BtoSACK(i) A BtoSACK(i"))

Communication with Receivers
Assumption 2. A request from the buffer is always acknowledged.
V] :always (BtoRREQj) — eventually! RtoBACK(j))
Furthermore, the acknowledgement is lowered one tick #feerequest is lowered.
V] :always (-BtoRREQj) — next! -RtoBACK(j))
Assumption 3. An acknowledgement is not deasserted unless the buffesatéas

10 e IBM GenBuf Property-Based Synthesis Case Study



its request first.
V] :always (BtoRREQj) A RtoBACK(j) — next! (RtoBACK(j)))
Assumption 4. There is no acknowledgement without a request.
V] :always (RtoBACK(j) — prev(BtoRREQj)))
Guarantee 6. A request is not lowered until it is served.
Vj:always (BtoRREQj) A “RtoBACK(j) — next! BtoRREQj))

The request is lowered one cycle after the acknowledgemeaised and it cannot
be raised until one cycle after the acknowledgement is leder

Vj:always (RtoBACK(j) — next! -BtoRREQj))
Guarantee 7. GenBuf does not request both receivers simultaneously.
always —(BtoRREQO) A BtoRREQ1)).

GenBuf will not make two consecutive requests to any recgiVbis guarantees
round-robin scheduling.)

V] :always (rose(BtoRREQj) — next!
next_event! (rose(BtoRREQO)) V rose(BtoRREQ1))(—-BtoRREQj)))).

Guarantee 8. GenBuf will deassert its request to receiver j one cycleratte
ceiver j acknowledged the request.

V] :always (RtoBACK(j) — X(—BtoRREQ})))

Interface to the FIFO and the Multiplexer

Guarantee 9. The select and enqueue signals follow the acknowledgeritetfis
senders.

always (ENQ« i : rosg BtoSACK(i)))
Vi : always (rosg BtoSACK(i) — SLC=1)

Guarantee 10. Data is dequeued when the transfer to the receiver has caetple
always (DEQ+« (fell(RtoBACK(0))V fell(RtoBACK(1)))

Guarantee 11. No enqueue when the FIFO is full and we do not dequeue data,
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and no dequeue when it is empty.

always ((FULL A -DEQ) — ~ENQ)
always (EMPTY— —DEQ)

Guarantee 12. If the FIFO is not empty, a dequeue will ensue eventually.
always ("[EMPTY— eventually! (DEQ))

Assumption 5. The FIFO behaves correctly. If we enqueue and dequeue the sam
number of data the status of the FIFO does not change. If det@aly enqueued
(dequeued resp.), the FIFO must not be empty (full) in the cyete.

always ((DEQ«— ENQ) — (EMPTY« next! EMPTY)))
always ((DEQ <« ENQ) — (FULL < next! FULL))
always ((ENQA—DEQ) — next! ~EMPTY]
always ((DEQA -ENQ) — next! =FULL)

3.4 Synthesis

As explained in Section 2.2, not @&kL specifications can be synthesized directly.
We first have to translate the formulas of Guarantee 1, 2, ant2Assumption 2
into a format suitable for the GR(1) approach.

Taking the Guarantee 4, 6, and Assumption 4 into accountydatee 1, 2 and
Assumption 2 can simply be rewritten to match the fahaays eventually! B;
whereB; is a Boolean formula. More precisely, Guarantee 1 and 2 aréiowd
and rewritten to

Vi:always eventually! (StoBREQi) < BtoS ACK(i)),
and we rewrite Assumption 2 to

V] :always eventually! (BtoR.REQ(i) <+ RtoB_ACK(i)).

For Guarantee 12 and the second part of Guarantee 7 we haviigtddterministic
monitors. Although there are formulas for which no deteiistio monitor exists,
and constructing such monitors is hard in general [KV98hstanucting them is
very simple for the formulas considered in this document.

For instance, Figure 4 shows the deterministic automato@f@rantee 12 stating
thatalways (FEMPTY — eventually! (DEQ)). We used the standard approach
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EMPTYV DEQ -DEQ
~EMPTY A-DEQ

Figure 4: Monitor for Guarantee 12

to construct Blichi automata froomL formulas (e.g., [SB00]) with a slightly mod-
ified form of the standard expansion rules. In particularuaed the expansion rule
eventually! gequalsyV (—gAeventually! q) and the fact thatEMPTY — ¢
equals EMPTY/ (-EMPTYA¢).

Note that deterministic automata are easily representeglirby a set of formu-
las: (1) For each edge of the automaton one formula of the tanmays (SAi —
next! (8)), wheres ands' identify states andis an input, (2) a Boolean formula
B representing the initial state, and (3) to encode the fagmmendition a formula
of the formalways eventually! (B) whereB is a Boolean formula representing
a set of states.

After the specification has been brought into the proper fe®e Appendix A.2),

it is synthesized using the algorithm of [PPS06b]. Subseilyea circuit is con-
structed using the techniques described in Section 5, gathusing SISscri pt. rugged
and then mapped by SIS usisgdcel | 2.2 [SSM"92]. Table 1 shows the time
used to synthesize the buffer and the size of the resultismgdefore and after
optimization withscri pt. rugged, given in SIS standard-cell grid count.

Table 1: Time to synthesize Genbuf and size of resultinggtesi

Results for generalized buffer

Overall Time 1.91 sec

Beforescri pt. rugged:

Gates 1888
Area (in SIS standard-cell grid count) 77896
Delay 84.82
After scri pt. rugged:

Gates 1893
Area (in SIS standard-cell grid count) 62672
Delay 60.22
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4 AMBA AHB

4.1 The AMBA AHB Protocol

ARM’'s Advanced Microcontroller Bus Architectuf@MBA) consists of several
buses [ARM99]. The one that concerns us here idheanced High-Performance
Bus(AHB). TheAHB is an on-chip communication standard connecting such de-
vices as processor cores, cache memory, DMA controller§sD&nd the inter-
face to off-chip memory. Up to 16astersand up to 16slaves are connected to
the bus. The masters initiate communication (read or wwi#) a slave of their
choice. Slaves are passive and can only respond to a regMestter O is the
default masteand is selected whenever there are no requests for the bus.

The AHB is a pipelined bus. This means that different masters cam loifer-
ent stages of communication. At one instant, multiple nrastan request the
bus, while another master transfers address informatimhaayet another master
transfers data. A busccessan be a singléransferor aburst, which consists of a
specified or unspecified number of transfers. Access to théshrontrolled by the
arbiter, which is the subject of the current paper. All devices thatcnnected to
the bus are Moore machines, that is, the reaction of a dewiaa fiction at time
can only be seen by the other devices at tintel.

The AMBA standard leaves many aspects of the bus unspecified. TloE@rdt
at a logic level, which means that timing and electric patanseare not specified.
Apart from that, aspects such as the arbitration proto@héso left unspecified.

We will now introduce the signals used in theiB. The notation S[n:0] denotes
an(n+ 1)-bit signal.

e HBUSREQI— A request from masterno access the bus. Driven by the mas-
ters.

e HLOCKi — A request from masterto receive a locked (uninterruptible) ac-
cess to the bus. (Raised in combination WitBUSREQIi) Driven by the
masters.

e HMASTER [3:0] — The master that currently owns the address bus (pinar
encoding). Driven by the arbiter.

e HREADY — High if the slave has finished processing the current ddtan@e
of bus ownership and commencement of transfers only takase pihen
HREADY is high. Driven by the slave.
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e HGRANTI — Signals that iHREADY is high,HMASTER =i will hold in the
next tick. Driven by the arbiter.

e HMASTLOCK — Indicates that the current master is performing a locked ac
cess. If this signal is low, a burst access may be interrupteeh the bus is
assigned to a higher-priority master. Driven by the arbiter

The following set of signals is multiplexed usirMASTER as the control signal.
Thus, although every master has an address bus, only thesadahovided by the
currently active master is visible ¢t ADDR.

e HADDR[31:0] — The address for the next transfer. The addressrdetes
the destination slave.

e HBURST[1:0] — One ofSINGLE (a single transfer)BURST4(a four-transfer
burst access), dNCR (unspecified length burst).

The list of signals does not contain the data transfer siggmthese do not concern
the arbiter. (Ownership of the data bus follows ownershithefaddress bus in a
simple, delayed manner.) Bursts of length 8 or 16 are nontake account, nor
are the different addressing types for bursts. Adding lohgests only lengthens
the specification and the addressing types do not concearliter. Furthermore,

as an optional feature of thre4B, a slave is allowed to interrupt a burst access and
request that it be continued later; we have left this feabuite

A typical set of accesses is shown in Fig. 5. (Please igh@PHECIDE andSTART
signals for now.) Attime 1, masters 1 and 2 request an acoesster 1 requests a
locked transfer. The access is granted to master 1 at thémexstep, and master 1
starts its access at time 3. Note thMIASTER changes antiMASTLOCK goes
up. The access isBURST4 which can not be interrupted. At time step 6, when
the last transfer in the burst starts, the arbiter prepardsand over the bus to
master 2 by changing the grant signals. HoweWREADY is low, so the last
transfer is extended and the bus is only handed over in tiepeStafteHREADY
has become high again.

4.2 Specification

This section contains the specification of the arbiter. Tpdify the specification,
we have added three auxiliary variabl83ART, LOCKED, andDECIDE, which are
driven by the arbiter. Sign&@TART indicates the start of an access. (A single trans-
fer, a four-transfer burst, or an unspecified length burst.JFig. 5, for instance,
START s high in Steps 3 and 8 and low otherwise. The master onlychedt when
START is high. The signalOCKED indicates if the bus will be locked at the next
start of an access. SignaECIDE is described below (in Paragraph “Deciding the
Next Access”.)

We group the properties into three sets. The first set of ptiegedefines when a
new access is allowed to start. The second describes howsheals to be handed
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Figure 5: An example of AMBA bus behavior

over, and the third describes which decisions the arbitdeesiaWe distinguish
guarantees which are properties that the arbiter must fulfill, amssumptions
which are properties that the arbiter’s environment mutifu

Starting an Access

Assumption 1. During a locked unspecified length burst, leavitigUSREQhigh
locks the bus. This is forbidden by the standard, and we asshat the environ-
ment obeys this rule.

Vi :always (HMASTLOCKA HBURST= INCRA
HMASTER= i — next! eventually! “-HBUSREQ)

Assumption 2. LeavingHREADYlow locks the bus, the standard forbids it.
always eventually! HREADY
Assumption 3. The lock signal is asserted by a master at the same time asithe b

request signal.
Vi : always (HLOCKi — HBUSREQ)

Guarantee 1. A new access can only start WheREADYis high.

always (WHREADY— next! =START
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Guarantee 2. When a locked unspecified length burst starts, a new access do
not start until the current master (i) releases the bus bydiomg HBUSREQI

Vi :always (HMASTLOCKA HBURST= INCRA START\
HMASTER=i — next! -STARTuntil_—HBUSREQ)

Guarantee 3. When a locked burst starts, no other accesses start untglaeof
the burst. We can only transfer data wheREADYis high, so the current burst
ends at the fourth occurrence HREADY

Vi : always (HMASTLOCKA HBURST= BURST4\ START—
(HREADYA next! (-STARTuntil_ [3] HREADY)V
(~HREADYA (next! ~STARTuntil_[4] HREADY)))

Granting the Bus

Guarantee 4. The HMASTERsignal follows the grants: WheHREADY:is high,
HMASTERIs set to the master that is currently granted. This impliest ho two
grants may be high simultaneously wheéREADYis high. (Which means never,
because the arbiter does not contidREADY) It also implies that we cannot
changeHMASTERwithout giving a grant.

Vi:always (HREADY— (HGRANTi< next! HMASTER=1))

Guarantee 5. WheneveHREADYis high, the signaHMASTLOCKfollows the sig-
nal LOCKEDIn the next time step.

Vi :always (HREADY— (LOCKED < next! HMASTLOCK)

Guarantee 6. If we do not start an access in the next time step, the bus is not
reassigned antiMASTLOCKdoes not change.

Vi:always (next! -START — (HMASTER=i <> next! HMASTER=1))
always (next! ~START — (HMASTLOCK< next! HMASTLOCK)

Deciding the Next Access

Signal DECIDE indicates the time slot in which the arbiter decides who thet n
master will be, and whether its access will be locked. Theasd&tis based on
HBUSREQiandHLOCK:i. (For instanceDECIDE is high in Step 1 and 6 in Fig. 5.)
Note that a decision is executed at the n&XART signal, which can occur at the
earliest two time steps after titBUSREQi and HLOCKi signals are read (see
Fig. 5, the signals are read in Step 1 and the correspondoessstarts at Step 3.)
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Guarantee 7. If the arbiter decides to give the bus to master i, it storasdbr-
respondingHLOCKi signal inLOCKEDto correctly lock or unlock the bus the next
time an access starts (see Guarantee 5).

Vi : always ((DECIDEA next! HGRANT) — (HLOCKi < next! LOCKED))

Guarantee 8. We do not change the grant and the locked signalBEECIDE
is low, so the arbiter needs to make a decision to change tealsiHGRANTI
andLOCKED.

always (~DECIDE— /\ (HGRANTi< next! HGRANT))
i

always (WDECIDE — (LOCKED+ next! LOCKED))

Guarantee 9. We have a fair bus. Note that this is not required byANsA stan-
dard, and there are valid alternatives, such as a fixed-fjoscheme. A property
like this is needed to make the example realistic. Othepwis@rbiter need not to
serve any master to fulfill the specification.

Vi :always (HBUSREQi— eventually! (-HBUSREQWV HMASTER=))

Guarantee 10. We do not grant the bus without a request, except to master 0. |
there are no requests for the bus, the bus is granted to M&st&his requirement

is not stated in the AMBA AHB standard but needed to ensuteatharbiter only
serves masters that actually request the bus (besides theldmaster).

Vi # 0 :always ("HGRANTi— (HBUSREQibefore HGRANT))
always (DECIDEA Vi : “HBUSREQi— next! HGRANT(Q

Guarantee 11. An access by Master 0 starts in the first clock tick and simela

ously, a decision is taken. Thus, the signalsCIDE, START and HGRANTOare
high and all others are low.

DECIDEA STARTAHGRANTOA HMASTER=0
A —HMASTLOCKA Vi # 0 : “HGRANTi

Assumption 4. We assume that all input signals are low initially.

Vi(=HBUSREQW —HLOCKi) A “HREADY

4.3 Synthesis

First we have to build deterministic monitors for the foramilAl, G2, G3, and
G10. Again we use the slightly modified expansion rules priegkin Section 3.4.
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-PRE

o

~HBUSREQi

Figure 6: Deterministic Monitor for Assumption 1 for one reas

HBUSREQO

PREAHMASTER=1

—-HBUSREQ1 HBUSREQ1

PREAHMASTER=

HBUSREQi

Figure 7: Deterministic Monitor for Assumption 1 for all nterss

—~HBUSREQi

Assumption 1
Let PREbe the conjuncHMASTLOCK A HBURST = INCRAHMASTER =i, then
the formula for Assumption 1 for a masteequals

always (WPREV next! eventually! -HBUSREQ).

Figure 6 shows the deterministic monitor we build for eaclstera Two concentric
circles denote an accepting state. Merging the monitordiffarent masters into
a single one yields the monitor shown in Figure 7.

Guarantee 2, 3, and 10

Using the same techniques we build the deterministic mmishown in Fig-
ure 8, 9, and 10. A complete specification of the arbiter far tmasters suitable
for the GR(1)-approach can be found in the Appendix B.1.
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—~STARTAHBUSREQI
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Figure 8: Monitor for Guarantee 2 for one master

\@ PREA -HREADY

—-STARTA -HREADY
~STARTAHREADY
—-STARTA -HREADY

-STARTAHREADY

—STARTAHREAD -STARTA -HREADY

S

g

~STARTAHREADY

—~STARTA -HREADY

Figure 9: Monitor for Guarantee 3

HGRANTI vV HBUSREQI

\O —HGRANTi A =HBUSREQi
—~HGRANTi A =HBUSREQi

—HGRANTi AHBUSREQI

Figure 10: Monitor for Guarantee 10 for one master
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Table 2: Time to synthesize arbiters for one to four mastedssize of resulting designs

Handwritten 1 Master 2 Masters 3 Masters 4 Masters

Overall time - 0.7 sec 7.1sec 203.4sec 2689.0sec
Beforescri pt. rugged:

Gates 1004 115 1426 3489 -
Area 35264 4440 49848 120064 -
Delay 81.22 24.02 70.84 132.22 -
After scri pt. rugged:

Gates 246 72 1015 2475 -
Area 10792 2936 32432 79128 -
Delay 24.64 16.84 45.24 63.02 -

Once the specification is in a proper format, the arbiter rghssized using the
algorithm of [PPS06b] and a circuit is constructed as dbedrin Section 5, op-
timized using SISscri pt.rugged and then mapped by SIS usisgdcel | 2_2
[SSMT92].

Table 2 shows the time used to synthesize arbiters for oneutonhasters and the
size of the resulting designs before and after optimizatiith scri pt. rugged,
given in SIS standard-cell grid count. Synthesis for a nrasité 1 client takes 0.7s
(time spent by SIS not included) and yields a circuit of siAZkZSIS standard-cell
grid count) with a delay of 17. For two Masters we have 7.1 82k, and delay
45. For three masters we get 203.4s, size 79k, delay 63. Bonfasters we need
around 2700s and SIS is unable to map the circuit. Mininmozely SIS yielded an
improvement in size of one third throughout. In contrastaamoal implementation
for 16 masters has size 11k and delay 25.

The automatically generated arbiter implements a roubdirarbitration scheme.
This can be explained from the construction of the stratagheé synthesis algo-
rithm, but it is also the simplest implementation of a faliter. We have validated
our specification by combining the resulting arbiter withnaally written masters
and clients, with which it cooperates without problems.
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5 Generating a Circuit

We have implemented the synthesis approach in a tool calien Avhich relies
heavily on the CUDD package [Som].

The synthesis approach presented in [PPS06b] construdtategy from which
a sequential circuit can be constructed. The strategyesepted as a BDD, is a
relation between the inputs and the current states on thsidaeand the outputs
and next states on the other.

In [KS00], Kukula and Shiple present an approach to constugircuit from a

relation. A relation allows for several compatible behavioKukula and Shiple
construct one circuit that implements all allowed behadnd use an additional
set of input signals to choose between the different behavio synthesis we are
interested in a single valid behavior, so we fixed the aduidnput signals to
arbitrary values. Initial experiments using this approtchenerate combinational
logic from the strategy yielded extremely large circuits Ve followed a com-

pletely different approach. Our current approach gengretenbinational logic
using the following pseudo code, wheses the Strategy an@\o denotes set of
combinational outputs excluding output

We refer to [Bry92] for a detailed description of BDDs and tpearators used to
manipulate them below.

for all conbinational outputs o do
S =exists Qo . S

P
n

positive cofactor of oin S

negative cofactor of oin S
/1 note: p and n in general inconparable
careset = p * In+1!Ip*n
f[o] = p mnimzed wt. careset
Il keep relation between outputs
S=Sin wiich ois substituted by f[o0]
od

The result is an arraly of BDDs, which is written to a file using CUDD’s Dump-
Blif command and then converted t®&RILOG. This approach, in combination
with minimization of the strategy with respect to the reditbatates yields an im-
provement of more than an order of magnitude in the size ofabelting circuit.
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6 Discussion

In this section we give an overview of the most important fighand drawbacks
of automatic synthesis of the arbiter, as we perceive them.

Writing a complete formal specification for a circuit is navial. First, many as-

pects of the circuit are not defined and need to be inferred fhe apparent design
intent. This problem was apparent when we synthesizedtten arbiter, as its

specifications are quite informal and incomplete. In patéc we were continu-

ously asking ourselves how the implementor oféhgironmentould interpret the

specifications, and whether the arbiter should handle estgriy interpretation. In
our opinion, it would be very beneficial to have a formal sfieation early on, so

that these issues are resolved before implementationriecta

Ambiguity was less of a problem for GenBuf, where a good dmation inPsL

had already been constructed. We would like to point out dnabiguities also
have to be resolved when one writes a hand implementatiah theat writing a
good set of properties is a prerequisite for effective vaatfon.

Second, it is not always trivial to translate an informaldfieation to formulas.
When specifying the arbiter, one of the important insigh#és what two additional
signals,START and DECIDE, were needed. This problem also occurs when we
attempt to formally verify a manually coded arbiter, whére same signals would
be useful. (In fact, these signals occur, in one form or gihesur manual imple-
mentation as well.)

TheAMBA arbiter was parameterized by the number of masters and<lieike-
wise, itis easy to imagine a version of GenBuf that is paranmd by the number
of senders and receivers. These parameters have a venjirsinaihce on the size
of a manual implementation or on effort needed to producéhie same holds for
the formal specification, but not for the process or the tasfidynthesis. The time
to synthesize the arbiter grows quickly with the number o$ters as does the size
of the generated circuit. Unfortunately, the generated-t@tel output is compli-
cated and cannot be changed by hand. The resulting circulikedy be improved
further by using more intelligent methods to generate theuits, which will be
important if this methodology is to become accepted. Thdlpro is related to
synthesis of partially specified functions [HS96] with thepiortant characteristic
that the space of allowed functions is very large.

On the upside, when designers use automatic synthesisnthieyger have to be
concerned with th&# ERILOG implementation, they can concentrated solely on the
psLspecification. ThesL specifications that we constructed for our two examples
are short, readable, and easy to modify, much more so thamaahanplemen-
tation. For the arbiter in particular, we expect that it isieato learn the way it
functions from the formal specifications than from a marnueiLOG implemen-
tation.
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It should be noted that automatic synthesis is first and fostrapplicable to con-
trol circuitry. We are looking into methods to beneficiallynebine manually coded
data paths with automatically synthesized control cirguit

Although this approach removes the need for verificatiorhefresulting circuit,
the specification itself still needs to be validated. Thé laictools for debugging
specifications was apparent in our exercise. Some work dm t®ats has taken
place [PSC06], but further research, in particular in connection wéhlizability,
is needed.
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7 Conclusions

When specifications are available early, automatic syighen be used to ob-
tain a first implementation, yielding a functional test eamiment when critical
blocks are replaced by manual implementations. Furtheptbese implemen-
tations function as a valuable sanity check for the spetifica which is very

important when the implementation is based on the formatiSpation.

Although automatic synthesis has long been pursued, oubntedevelopments
have made it applicable to industrial examples. This dedivie presents the first
time that a real-life block has been synthesized from itgi§ipation. Automatic

synthesis is still very young and only a few avenues for ogtition have been
pursued. Our simple algorithm to generate circuits , fotanee, yielded an im-
provement of more than an order of magnitude (see SectioWg)expect that

future research will yield further large improvements ie ize of the systems
that can be synthesized, making automatic synthesis alteahative to manual

coding of some types of circuits.
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A GenBuf Specification

IBM’s original specifications consists of the twelve rulé®wn in Section A.1. In
Table 3 we state for each part of our specification the cooredipg part of IBM'’s

original specification.

Table 3: Guarantees/Assumptions and corresponding IBMNEsr

Guarantee/ Rule

Assumption

Gl R1, R5.A

G2 Stated only in the description of the handshake protocol
G3 R3.A

G4 R5.B

G5 R6

G6 Stated only in the description of the handshake protocol
G7 R4.B, R4.C,R4.D

G8 R7, R4.A

G9 Constraints the interface to the FIFO

G10 Constraints the interface to the FIFO

G1l1 R8, R9

G12 R10

Al Stated only in the description of the handshake protocol
A2 R2

A3 Stated only in the description of the handshake protocol
A4 R3.B

A5 States that the FIFO behaves correctly

Note that rules constraining the data path (R4.E, R11, arg) BE not taken into
account.

A.1 Original Specification

R1: Sender request get acknow edged

vunit sender req_get ack

{

"Sender request get acknow eged"
%or i in0..3 do
assert always (StoB REQ(9%i}) -> eventually! (BtoS ACK(%i})));

%end
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R2: GenBuf requests get acknow edged

vunit genbuf _req_get _ack
{
"CGenBuf requests eventually get acknow edged"
%or i in0..1 do
assert always (BtoR REQ(%i}) -> eventually! ( RioB ACK(%4i})));
%nd

R3. A/B: No acknow edge without a request

vunit no_ack_wi thout_a req
{
"GenBuf does not acknow edge senders unless requested"
%or i in0..3 do
assert
al ways (rose(BtoS ACK(%i})) -> prev(StoB REQQ%i})));
%end

%or j in0..1 do
assert
always ((RtoB _ACK(%j})) -> prev(BtoR REQ(%j})));
%end
}

These assertions mean that an acknow edge signal can only be on if the
appropriate request signal was also on during the previous cycle.

R4. ABCDE
viode default { define B2R REQ := BtoR_ REQ(0) | BtoR REQ(1) ; }

vunit receiver_ack
"Several receivers acknow edge properties"

%or i in0..1 do

assert "GenBuf will deassert its request to receiver
%i} a cycle after receiver %i} acknow edged the request"”

al ways (RtoB ACK(%i}) -> next(!BtoR REQ%i})));
%end
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assert "GenBuf does not request both receivers at the same tine"
always ! (BtoR REQ0) & BtoR REQ(1));

assert "GenBuf will not make two consecutive requests to receiver 0"
al ways (rose(BtoR_ REQ(0)) -> next next_event(rose(B2R REQ)( BtoR REQ1)));

assert "GenBuf will not make two consecutive requests to receiver 1"
always (rose(BtoR REQ(1)) -> next next_event(rose(B2R REQ)( BtoR REQ0)));

assert "GenBuf deasserts BtoR REQin the cycle it puts the data on bus"
al ways (rose(DQ(0..31)!=0) -> fell (B2R_REQ));

R5. A/B: GenBuf - sender handshake

vunit genbuf _to_sender _handshake

{

"CGenBuf to sender handshake"

%or i in0..3 do

assert "In case the sender deasserts its request GenBuf will
eventual |y deassert its acknow edgenment”
always ( !StoB REQ(%i}) -> eventually! ( !'BtoS ACK(%i})));

assert "GenBuf will not deassert its acknow edgenent unless the
sender first deasserted its request”
always ( BtoS ACK(%i}) -> ( BtoS_ ACK(i) until_ (!'StoB REQ%i}))));

R6: Only one sender at a tine

vunit only_one_sender_at_a tine

{

"Only one sender can send data at any given tinme."

%or i in0..3 do
%or j in0..3 do
%f i !'=j %hen
assert "The %i} th and %j} th senders do not send together"
always ( !(BtoS ACK(%i}) & BtoS ACK(%j})));
%nd
%nd
%end
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R7: Only one receiver at a tine

vunit only_one_receiver_at_a time

{

"Only one receiver can receive data at any given tinme."

assert "Only one receiver can receive data at any given tinme"
always ( ! (BtoR_REQ0) & BtoR REQ(1)));

R8: GenBuf does not receive when the queue is full
vode Queue

{
- This is a mode keeping track of buffers queue (which is of depth 4)

define rose_B2S ACK := rose(BtoS ACK(0)) | rose(BtoS ACK(1))

| rose(BtoS ACK(2)) | rose(BtoS ACK(3)) ;

define rose R2B ACK := rose(RtoB ACK(0)) | rose(RtoB ACK(1)) ;

define rose_B2R REQ : = rose(BtoR REQ0)) | rose(BtoR REQ'1)) ;

var old_ QC: -1..5;
var Qcounter : -1..5;

assign
init(old QQ :=0;
next (old_QC) := Qcounter ;

assign
Qcounter :=/* Note : Qcounter is assigned NOT next( Qcounter ) */
case
RST : 0
old QC=-1 :-1; [* Underflow */
ol d_QC=5 .5 [* Overflow */

rose_B2S ACK & prev(rose R2B ACK) : old QC;
/* Both read & wite */

rose_B2S ACK coldQC+1;

prev(rose_R2B_ACK) old QCG1;

el se :old QC;
esac ;
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vunit genbuf does_not _recei ve_when_queue_ful |

{

"CGenBuf does not receive when the queue is full"
i nherit Queue;
%or i in0..3 do

assert "GenBuf does not acknow edge sender % i} when the queue is full
always( rose( BtoS ACK(%i}) ) -> prev(Qcounter <=3));

n

R9: GenBuf does not send when the queue is enpty

vunit genbuf does not send when queue_enpty

{

"non of BtoS ACK will assert when queue is full"

i nherit Queue;

%or i in0..1 do
assert "GenBuf does not request receivers when the queue is enpty"
al ways (rose(BtoR REQ(%i})) -> prev( Qcounter >0 ));

R10: Data read is eventually witten

vnode defaul t
{
var xx(0..1) : bool ean;
assign next (xx(0..1)) := xx(0..1);

define data_x_is_witten :=
((fell (BtoR_.REQ(0)) | fell(BtoR REQ(1))) & (DOO0..1)=xx(0..1)));

%or i in0..3 do
define data x_is_ read from%i} :=
( rose(BtoS ACK(i)) & (DI(9%i}*32..%i}*32+1)=xx(0..1)));

/* Note : W "cheat" on this point. The bus is read by GenBuf one cycle
before the rise of BtoS ACK(i). However, since the sender
does not release the bus until later - this will do for the
tutorial. */
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%end

define data x_is read := ( data_x_is_ read fromO | data x_ is read from1l
| data x_is read from2 | data x_is read_from3);

vunit data_ read_is_eventual ly witten
{
"Every data word read by GenBuf will be eventually sent out to a receiver"
%or i in0..3 do
assert "if sender %i} is read and has data then data is
eventual ly witten"
always (data_x_is read from%i} -> eventually!( data_x_is witten));

R11: GenBuf keeps FIFO order

vunit genbuf keeps_fifo_order

{
"GenBuf is queue keeps order i.e. GenBuf is indeed FIFO'

i nherit Queue;
define some_data is witten := (fell (BtoR REQ(0)) | fell (BtoR REQ(1)));

%or j inl. .4 do
assert "If data is read when the queue is at depth %j} then the
data will be witten in %j} wite operations"
always (data x_is_ read & (Qcounter = j)
-> next (next _event (
some_data_is witten )[j](DQO0..1)=xx(0..1))));

R12: GenBuf wites only what it read before

- W cheat to avoid explosion
viode stuck i nput_on 0
{
%or i in0..3 do
define DI (%i}*32..%i+1}*32-1) := OH ;
Y%end
}

vunit genbuf is not creative

{
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"all the data sent out of GenBuf was once read into GenBuf"

inherit stuck_input_on_ O ;

%or j in0..1 do
assert "Data sent to receivier %j} is not invented by GenBuf"
always (fell (BtoR REQ(%j})) -> (DQO0..31)=0H) );
Y%end

A.2 GenBuf Config File

R R R T R R
# Input variable definition
BT R R R R e R
[ 1 NPUT_VARI ABLES]

St 0B_REQD;

St 0B_REQL;

St 0B_REQ?;

St 0B_RE;

Rt 0B_ACKO;

Rt 0B_ACK1;

FULL;

EMPTY;

HURHHHHH R A R
# Qutput variable definition

HHHH R A R A R
[ QUTPUT_VAR! ABLES]

Bt 0S_ACKO;

Bt 0S_ACK1;

Bt 0S_ACK2;

Bt 0S_ACK3;

Bt oR_REQD;

Bt oR_REQL,;

ENQ
DEQ
SLQO; #defined be BtoS_ACKi
SLCL; #defined be BtoS_ACKi

stateR4_0;
stateR4_1;
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st at eR9;

HAHHHHHHH R R R R
# Environnent specification

HAHHHA R R R R
[ENV_| NI TI AL]

St oB_REQD=0;

St oB_REQL=0;

St oB_REQR=0;

St oB_REQ=0;

Rt 0B_ACK0=0;

Rt 0B_ACK1=0;

FULL=0;

EMPTY=1

[ ENV_TRANSI TI ONS]

# Genbuf-to-sender handshake
# 3.

(Bt 0S_ACKO=1 -> X(StoB REQD=0
(Bt 0S_ACK1=1 -> X(StoB REQL=0
G Bt 0S_ACK2=1 -> X(StoB REQR=0
(Bt 0S_ACK3=1 -> X(StoB RE(=0

))
));
))
)i

& (Bt oS ACKO=0 * StoB REQD=1) -> X(StoB REQ=1)):
& (BtoS ACK1=0 * StoB REQL=1) -> X(StoB REQL=1)):
( ) ( ));
( ) ))

G((BtoS_ACK2=0 * StoB REQ=1) -> X(StoB REQ=1
G((BtoS_ACK3=0 * StoB REQB=1) -> X(StoB RE(B=1

# Genbuf-to-recei ver handshake
G (Bt oR_ REQD=0 * RtoB ACKO=1) -> X(RtoB_ACK0=0));
G (BtoR REQL=0 * RtoB ACK1=1) -> X(RtoB_ACK1=0));

HAHHHH AR R R R

# &3.B. RO "Receiver does not acknow edge GenBuf unless requested"
G (BtoR REQD=0 * RtoB ACK0=0) -> X(RtoB_ACK0=0));

G (BtoR REQD=1 * RtoB ACKO=1) -> X(RtoB _ACK0=1));

# &3.B. Rl "Receiver does not acknow edge GenBuf unless requested"
G (Bt oR REQL=0 * RtoB ACK1=0) -> X(RtoB ACK1=0));

G (BtoR REQL=1 * RtoB ACK1=1) -> X(RtoB ACK1=1));

BHHHHHR R R R R
# correct behavior of the FIFO
G (ENQ=1 * DEQ=0) -> X(EMPTY=0)):

G((ENQ=0 * DEQ=1) -> X(FULL=0));
G((ENQeL <-> DEQ=l) -> ((FULL=1 <-> X(FULL=1)) * (EMPTY=1 <-> X(EMPTY=1))) );

[ ENV_FAl RNESS]
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T HHHEHHE T

# R2 "GenBuf requests eventually get acknow edged"

G F((BtoR_ REQD=0 * (RtoB ACK0=0)) + (BtoR REQD=1 * (RtoB ACK0=1))));
G F((BtoR REQL=0 * (RtoB ACK1=0)) + (BtoR REQL=1 * (RtoB ACKl1=1))));

R R R R R R R R R
# System specification

T R R S R
[SYS_INTIAL]

Bt 0S_ACK0=0;

Bt 0S_ACK1=0;

Bt 0S_ACK2=0;

Bt 0S_ACK3=0;

Bt oR_REQD=0;

Bt oR_REQL=0;

ENQ=0;

DEQ=0;

SLCO=0;

SLC1=0;

stat eR4_0=0;
stateR4_1=1;
st at eR9=0;

[ SYS_TRANSI TI ONS]

# Genbuf-to-sender handshake

TR R R R R R R

# R3.A Si "GenBuf does not acknow edge senders unl ess requested"
G (Bt oS_ACK0=0 * StoB REQD=0) -> X(BtoS ACK0=0));

G (BtoS_ACK1=0 * StoB REQL=0) -> X(BtoS_ACK1=0)
G (Bt oS_ACK2=0 * StoB REQ=0) -> X(BtoS_ACK2=0)
G (Bt 0oS_ACK3=0 * StoB REQ@=0) -> X(BtoS_ACK3=0)

);
)
).

# R5.B Si "GenBuf will not deassert its acknow edge unless the
# sender first deasserted its request"”

G (Bt oS_ACKO=1 * StoB REQ)=1) -> X(BtoS_ACK0=1
G((BtoS_ACK1=1 * StoB REQL=1) -> X(BtoS_ACKl=1
G (BtoS_ACK2=1 * StoB REQ=1) -> X(BtoS_ACK2=1
G (Bt oS_ACK3=1 * StoB RE@=1) -> X(BtoS_ACK3=1

);
)
):
)

~— — ~— ~—

# Genbuf-to-receiver handshake (3.)
T

# R4.A "CenBuf will deassert its request to receiver
# a cycle after receiver aknow edged the request"”

G (Rt oB_ACKO=1 * BtoR REQ)=1) -> X(BtoR REQN=0));

G (RtoB ACK1=1 * BtoR REQL=1) -> X(BtoR REQL=0));

G (Rt 0B_ACKO=1 * BtoR REQU=0) -> X(BtoR REQU=0));
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G (R oB_ACKO=0 * BtoR REQD=1) -> X(BtoR REQN=1));
G (Rt 0B _ACK1=1 * BtoR REQL=0) -> X(BtoR REQL=0));
G (Rt 0B _ACK1=0 * BtoR REQL=1) -> X(BtoR REQL=1));

HHHHHHHHHHEHHH A
# R4.B "CGenBuf does not request both receivers

# at the same time"

= G7 (see blow

HEHBHBHBHAH R AR R

# R4.C. RO/RL "GenBuf will

# requests to receiver i"

G (Bt oR_REQD=1
G (stateR4_1=0
stateR4_1=1
stateR4_1=0
stateR4_1=1

Py

€
€
€
G (stateR4_1=0
X(stateR4_1=0

(

(
G (stateR4_1=1
X(stateR4_1=1

(stateR4_1=0

€
G (stateR4_1=1

Bt oR REQl=1) -> FALSE); #make

Bt oR REQD=0 * BtoR REQL=1)

Bt oR REQD=1 * BtoR REQL=0
Bt oR REQD=0 * BtoR REQL=0
Bt oR REQD=0 * BtoR REQL=0

Vv

) -
) -
) -

stateR4 0=0 * BtoR REQD=1 *

stateR4_0=0));

stateR4_0=0 * BtoR REQD=0 *

stateR4_0=0));

not nmake two consecutive

X(stateR4_1=1
> X(stateR4_1=0
> X(stateR4_1=0
> X(stateR4_1=1
Bt oR_REQL=0) ->

Bt oR REQL=1) ->

stateR4_0=1 * BtoR REQD=1) -> FALSE);
stateR4_0=1 * BtoR REQL=1) -> FALSE);

HHR T T R R R R R R
# R6 "Only one sender can send data at any

# given tine"
G( Bt 0S_ACK0=0
G( Bt 0S_ACK0=0
G( Bt 0S_ACK0=0
G( Bt 0S_ACK1=0
G( Bt 0S_ACK1=0
G( Bt 0S_ACK2=0

+ + + + + +

Bt 0S_ACK1=0);
Bt 0S_ACK2=0) ;
Bt 0S_ACK3=0) ;
Bt 0S_ACK2=0) ;
)
)

Bt 0S_ACK3=0
Bt 0S_ACK3=0

HEHH R R
# R7 "Only one receiver can receive data
# at any given tine"

G(Bt oR REQD=0 + Bt oR REQL=0);

HHHHHHHHHHEHHH T
# FIFO (Genbuf-to-Fifo)
# ENQ = rose(BtoS_ACKi)

G( (Bt 0S_ACKO=0 * X(BtoS_ACK0=1
G (Bt 0S_ACKL=0 * X(BtoS ACKl=1
(Bt 0S_ACK2=0 * X(BtoS ACK2=1
(Bt 0S_ACK3=0 * X(BtoS ACK3=1

q
q
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)) -> X
)) > X
)) > X

ENQ=1
ENQ=1
ENQ=1
ENQ=1
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)
)
)
)

the DBW conpl ete

*

*

*

*

stateR4_0=0
stateR4_0=0
stateR4_0=1
stateR4_0=1

~—_ — — —

)
)
)
)



G ((Bt 0oS_ACKO=1 + X(BtoS ACK0=0)) *
(BtoS _ACK1=1 + X(BtoS ACK1=0)) *
(Bt oS_ACK2=1 + X(BtoS_ACK2=0)) *
(BtoS_ACK3=1 + X(BtoS ACK3=0))) -> X(ENQ=0));

#specify data select signals

G((BtoS_ACKO=0 * X(BtoS_ACK0=1)) -> X(SLO0O=0 * SLC1=0));
& (BtoS ACK1=0 * X(BtoS ACKl=1)) <-> X(SLO0=1 * SLCL=0));
& (BtoS ACK2=0 * X(BtoS ACK2=1)) <-> X(SLO0=0 * SLCl=1));
& (BtoS ACK3=0 * X(BtoS ACK3=1)) <-> X(SLO0=1 * SLCl=1));

s TS R TR RN
# DEQ = fel | (Ri0oB_ACKi )

G (Rt 0B_ACKO=1 * X(Rt0B_ACK0=0)) -> X(DEQ=1));
G (Rt 0B ACK1=1 * X(Rt0oB_ACK1=0)) -> X(DEQ=1));

G ((Rt0B_ACKO=0 + X(Rt0B_ACK0=1)) *
(Rt 0B_ACKL=0 + X(Rt0B ACK1=1))) -> X(DEQ=0)):

T R R R R R R R
# R8 "GenBuf does not acknow edge sender when
# the queue is full "

G((FULL=1 * DEQ=0) -> ENQ:0);

# R8 "GenBuf doesn not request receivers when
# the queue is enpty"”
G EMPTY=1 -> DEQ=0);

T R R R R R R

# RO "If FIFOis not enpty, a send will ensue

# eventual ly.

# Q! EMPTY -> F(DEQ);

G (stateR9=0 * EMPTY=1) -> X(stateR9=0));

G (stateR9=0 * DEQ=1 ) -> X(stateR9=0));

G (stateR9=0 * EMPTY=0 * DEQ=0) -> X(stateR9=1));
G(stateR9=1 * DEQ=0 ) -> X(stateR9=1));

G (stateR9=1 * DEQ=1 ) -> X(stateR9=0));

HEHH R R R R
# R10 "Data read is eventually witten - SKI PPED
# Follows fromR8 and R9

B R R R e R
# R11 "GenBuf keeps FIFO order" - SKIPPED

R R R R R R R R
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# R12 "Data sent to receiver is not invented
# by GenBuf" - SKIPPED

HHHHHHHHHHEHHH A
# no imedi ate acknow edges

G ((StoB_REQD=0) * X(StoB REQD=1)) -> X(BtoS_ACK0=0));
G ((StoB_REQL=0) * X(StoB REQL=1)) -> X(BtoS ACK1=0));
G ((StoB REQR=0) * X(StoB REQ®=1)) -> X(BtoS ACK2=0));
G ((StoB_REQ=0) * X(StoB RE@=1)) -> X(BtoS_ACK3=0));

HEHBHRH R

# Force the buffer make use of the FIFO

G ((StoB REQD=1 + StoB REQL=1 + StoB REQ@=1 + StoB REQ=1) * FULL=0)
-> (ENQEL + X(ENQF1)));

[ SYS_FAI RNESS]

HHHHHHHHHHEHHH A
# Rl "Sender request get acknol edged" +

# R5.A "In the case the sender deasserts its request GenBuf will
# eventual |y deassert its acknow edge"

G(F((StoB_REQD=0 * BtoS_ACKO=0) + (StoB REQ)=1 * BtoS ACK0=1)));
G F((StoB REQI=0 * BtoS ACK1=0) + (StoB REQl=1 * BtoS ACKl=1)));
G F((StoB REQR=0 * BtoS ACK2=0) + (StoB REQ=1 * BtoS ACK2=1)))
G F((StoB REQB=0 * BtoS ACK3=0) + (StoB REQ@=1 * BtoS ACK3=1)))
G F(stateR9=0));
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B AMBA Specification

B.1 AMBA Config File for Two Masters

# Encoding of the HBURST(0..1) signa
# BURSTTYPE HBURSTO HBURST1

# INCR 0 0
# SINGLE 1 0
#  BURST4 0 1

AR R
# Input variable definition
WA
[ 1 NPUT_VARI ABLES]

hr eady;

hbusr eqO;

hbusreql;

hl ockO;

hl ock1;

hbur st 0;

hbur st 1;

HEHH R R
# Qutput variable definition

HEHH R R R
[ QUTPUT_VARI ABLES]

hmast er 0;

hmast | ock;

start;

deci de;

hgrant O;

hgrant 1;

hl ocked:;

stateAl 0;

stateAl 1;

state®_0;

state®_1;
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stateG3_0;
stateG3_1;
stateG3_2;
stateGlO_1;

HHR T R R R R R R R
# Environnent specification
HHHHHHHHHHEHHH A
[ENV_I NI TI AL]

hr eady=0;

hbusr eq0=0;

hbusr eql=0;

hl ock0=0;

hl ock1=0;

hbur st 0=0;

hbur st 1=0;

[ ENV_TRANSI TI ONS]

#Assunption 3: no |ock-request w thout bus-request
G hl ock0=1 -> hbusreq0=1);

G hl ock1l=1 -> hbusreql=1);

[ ENV_FAI RNESS]
#Assunption 1:
G F((stateAl 0=0)*(stateAl 1=0)) );

#Assunption 2:
G F(hready=1));

T
# System specification

HHR T R R R R R R R
[SYS INITIAL]

hmast er 0=0;

hmast | ock=0;

start=1;
deci de=1;

hgr ant 0=1;

hgr ant 1=0;

hl ocked=0;
#Assunption 1.
stateAl 0=0;
stateAl 1=0;

state@_0=0;
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state®_1=0;

stat eG3_0=0;
stateG3_1=0;
stat eG3_2=0;

stateGLO_1=0;

[ SYS_TRANSI Tl ONS]

#Assunption 1:

G ((stateAl 0=0)*(stateAl 1=0)*
((hmast | ock=0) +( (hbur st 0=1) +( hburst1=1))))->

X((stateAl 0=0)*(stateAl 1=0)));

# Master O:

G ((stateAl 0=0)*(stateAl 1=0

)*
((hmast | ock=1)*((hmast er 0=0)) *( (hbur st 0=0) *( hburst 1=0)))) ->
X((stateAl 0=1)*(stateAl 1=0)));
G ((stateAl 0=1)*(stateAl 1=0)*(hbusreq0=1)) ->
X((stateAl 0=1)*(stateAl 1=0)));
G ((stateAl 0=1)*(stateAl 1=0)*(hbusreq0=0)) ->
X((stateAl 0=0)*(stateAl 1=0)));
# Master 1.
G ((stateAl 0=0)*(stateAl 1=0)*
((hmast | ock=1)*((hmast er0=1)) *( (hbur st 0=0) *( hburst 1=0)))) ->
X((stateAl 0=0)*(stateAl 1=1)));
G ((stateAl 0=0)*(stateAl 1=1)*(hbusreql=1l)) ->
X((stateAl 0=0)*(stateAl 1=1)));
G ((stateAl 0=0)*(stateAl 1=1)*(hbusreql=0)) ->
X((stateAl 0=0)*(stateAl 1=0)));
#Quarantee 1:
G hready=0 -> X(start=0));
#Cuarantee 2 (wWith i automata):
#Master O
G ((state@_0=0)*(hmast | ock=0))->X(state@_0=0));
G ((state@_0=0)*(start=0)) ->X(state@_0=0))
G ((stateG_0=0)*(hburst0=1)) ->X(stateGZ 0=0));
G ((state@_0=0)*(hburst1=1)) >X(state®@_0=0));
G ((state@_0=0)*! (hmast er 0=0)) - >X(state@_0=0));
G ((state@_0=0)*(hmast | ock=1)*(start=1)*
(hbur st 0=0) * ( hbur st 1=0) * ( hnast er 0=0) ) - >X(st at e&_0=1) ) ;
G ((state@_0=1)*(start=0)*(hbusreq0=1))->X(state@_0=1));
G ((state@ _0=1)*(start=1))->FALSE);
G ((state@_0=1)*(start=0)*(hbusreq0=0)) ->X(state@_0=0));
#Master 1

G ((state@_1=0)*(hmast | ock=0))->X(state@_1=0));
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state®@_1=0)*(start=0))
state@_1=0) *(hburst0=1))
state@_1=0) *(hburst 1=1))

hbur st 0=0) *
state@_1=
state@_1=
state@_1=

*
h
*(start=0)*
start=1))-
)-k

*

P~ N~~~ A~ o~ o~ o~

)

)

)

)
state®@_1=0)
(

1)

1)

1)*

start=0

#CQuar ant ee 3:

G ((stateG3_0=0)*(stateG3_1=0)*(stateG3_2=0)*
((hmast | ock=0) +( st art =0) +( (hbur st 0=1) +(hburst 1=0)))) ->

X((stateG _0=0)*(stateG_1=0)*(stateG3 _2=0)));

G ((stateG3_0=0)*(stateG3_1=0)*(stateG 2=0)*
((hmast | ock=1)*(start=1)*((hburst0=0)*(hburst1=1))*(hready=0))) ->
X((state@ _0=1)*(stateG_1=0)*(stateG3_2=0)));

G ((stateG3_0=0)*(stateG_1=0)*(stateGB 2=0)*
((hmast | ock=1)*(start=1)*((hburst0=0)*(hburst1=1))*(hready=1))) ->
X((stateG _0=0)*(state&B_1=1)*(stateG3_2=0)));

G ((stateG3 _0=1)*(stateG _1=0)*(stateG_2=0)*((start=0)*(hready=0))) -
X((state@ 0=1)*(stateG_1=0)*(stateG3 _2=0)));

G ((stateG3_0=1)*(stateG3_1=0)*(stateG3_2=0)*((start=0)*(hready=1))) -
X((stateG_0=0)*(state@B_1=1)*(stateG3_2=0)));

G ((stateG3_0=1)*(stateG_1=0)*(state&@ 2=0)*((start=1))) -> FALSE);

G ((stateG3_0=0)*(stateG _1=1)*(stateG _2=0)*((start=0)*(hready=0))) -
X((stateG _0=0)*(state@_1=1)*(stateG3_2=0)));

G ((stateG3_0=0)*(stateG3_1=1)*(stateG3_2=0)*((start=0)*(hready=1))) -
X((state@ 0=1)*(state@_1=1)*(stateG3 _2=0)));

G ((stateG3_0=0)*(state@ 1=1)*(state@@ 2=0)*((start=1))) -> FALSE);

G ((stateG3_0=1)*(stateG3_1=1)*(stateG3_2=0)*((start=0)*(hready=0))) -
X((state@ 0=1)*(state@_1=1)*(stateG3 _2=0)));

G ((stateG3 0=1)*(stateG _1=1)*(stateG _2=0)*((start=0)*(hready=1))) -
X((stateG_0=0)*(stateG_1=0)*(stateG3_2=1)));

G ((stateG3_0=1)*(stateG3_1=1)*(stateG_2=0)*((start=1))) -> FALSE);

G ((stateG3_0=0)*(stateG _1=0)*(stateG_2=1)*((start=0)*(hready=0))) -
X((stateG_0=0)*(stateG_1=0)*(stateG3_2=1)));

G ((stateG3_0=0)*(stateG3_1=0)*(stateG3_2=1)*((start=0)*(hready=1))) -
X((stateG _0=0)*(stateG_1=0)*(stateG3 _2=0)));

G ((stateG3_0=0)*(stateG _1=0)*(state@@ 2=1)*((start=1))) -> FALSE);

#Q@uarantee 4 and 5:
# Mster O:

G (hready=1)
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( ->X(state@_1=0

( ->X(

( >X(state@_1=0
state@_1=0)*! (hmast er 0=1)) - >X(st ate@_1=0

(hmast | ock=1)*(start=1)*

burst 1=0) *(hmast er 0=1) ) - >X(state@_1=1));
(

(

(

state@_1=0

—_ — — —

)
)
)
)

(hbusreql=1))->X(state®@_1=1));
>FALSE) ;
(hbusreql=0))

->X(state@_1=0));

-> ((hgrant0=1) <-> X((hmaster0=0))));
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# Master 1:

G (hready=1) -> ((hgrant1=1) <-> X((hmaster0=1))));
# Lock

G (hready=1) -> (hlocked=0 <-> X(hmastl|ock=0)));

#Quarantee 6. 1:
Q (X(start=0)) -> ((hmaster0=0) <-> (X(hmaster0=0))));

#CQuarantee 6. 2:
G (X(start=0)) -> ((hmastlock=1) <-> X(hmastlock=1)));

#CQuarantee 7:
G (deci de=1 * X(hgrant0=1)) -> (hlock0=1 <-> X(hl ocked=1)));
G (decide=1 * X(hgrant1=1)) -> (hlockl=1 <-> X(hl ocked=1)));

#default nmaster is master 0
G (decide=1 * hbusreq0=0 * hbusreql=0) -> X(hgrant0=1));

#Quar antee 8:

G deci de=0 -> (hgrant0=0 <-> X(hgrant0=0)));
G deci de=0 -> (hgrant1=0 <-> X(hgrant1=0)));
@ decide=0 -> (hlocked=0 <-> X(hl ocked=0)));

#Cuar ant ee 10:

# Master 1:

G ((stateGLO_1=0)*(((hgrant1=1))+(hbusreql=1)))->X(stateGl0_1=0));
G ((stateGLO_1=0)*(((hgrant1=0))*(hbusreql=0)))->X(stateGl0_1=1));
G ((stateGLO_1=1)*(((hgrant 1=0))*(hbusreql=0)))->X(stateGl0_1=1));
G ((stateGLO_1=1)*(((hgrant1=1))*(hbusreql=0)))->FALSE);

G ((stateGLO_1=1)*(hbusreql=1))->X(stateGl0_1=0));

[ SYS_FAI RNESS]
#Quarantee 2: all states are fair

#Quarantee 3: all states are fair
#Quarantee 9:

G F(hmast er0=0 + hbusreq0=0));
G F(hmaster0=1 + hbusreql=0));

Property-Based Synthesis Case Study AMBA Specification ° 47



