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Abstract

In this paper, Interval Temporal Logic (ITL) is used to specify and vdtify event
processor EP/3, which is a multi-threaded pipeline processor capalbeaiting
parallel programs. We first give the high level specification of the BfIBemphasis
on the interlock mechanism. The interlock mechanism is used in processgn des
especially for dealing with pipeline conflict problems. We prove thaspezification
satisfies certain safety and liveness properties. An advantage of ITL is kfzest &n
executable part, i.e., we can simulate a specification before proving pissEvout

it. This will help us to get the right specification.
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1 INTRODUCTION

As is well known, the complexity of current VLSI has been increasing vapydty.
Traditional simulation methods cannot exhaustively test all cases shéheditrect-
ness of products cannot be guaranteed. Formal methods is therefore ussd to d
with this problem. Formal methods are based on mathematical methods aréthu
ensure the correctness in a very rigorous way. We choose ITL as our tasadism.

Our selection of ITL is based on a number of points. It is a flexibletah for
both propositional and first-order reasoning about periods of toued in descrip-
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tions of hardware and software systems. Unlike most temporal Idgicsan handle
both sequential and parallel composition and offers powerful and extesgiecifi-
cation and proof techniques for reasoning about properties involvietysd¥eness
and projected time(Moszkowski 1994). Timing constraints are expalesand fur-
thermore most imperative programming constructs can be viewed asl&&mua
slightly modified version of ITL (Cau and Zedan 1997). Tempura previdn ex-
ecutable framework for developing and experimenting with suitablesiecifica-
tions. In addition, ITL and its mature executable subset Tempurazkbesski 1986)
have been extensively used to specify the properties of real-time systeans the
primitive circuits can directly be represented by a set of simple tempanaiflae.

We will use ITL to specify and verify the correctness of the interlock mmmech-
anism of an experimental CPU prototype, the Event Processor EP/3 (&olE983).
The EP/3 is a non-von Neumann data-flow pipeline processing elemented$ay
high performance over a range of general computing tasks. The interaspegt
of the EP/3 processor architecture is the integration of multi-thingagipelining
and data flow mechanisms. This is reflected in the manner in which instraetien
executed (cf.Section 4). Using the multi-threading technique, progeaatl@lism is
exploited by interleaving threads onto successive pipeline stagepratessor may
also be used as an element in a multiprocessor system. Three differeratsimsil
to the EP/3 have been obtained independently (Coleman 1993tGAul 996, Li
and Coleman 1996) which indicates that the general design of the EP/3astcdnr
increase the level of trustworthiness in the design, formal specificatid correct-
ness verification were sought in particular for the interlock control mashaihe
interlock mechanism is used to control the multi-thread pipeline duhie execution
of conditional and multi-destination instructions.

The approach we take in this paper is that we first simulate (execute)ehiisp
cation before proving its correctness. The specification we get is thaeatatrsion
of (Cauet al. 1996). The correctness proof should be done in a compositional way
adopting rules developed in (Moszkowski 1994, Moszkowski 1995s2owski
1996). Some work on the formal verification of microprogrammed pracedsas
already been done (Cohn 1988, Windley 1995, Tahar and Kumar 1995) Mdqwe
they concentrated on the instruction level design and are thus on a levedthan
the approach presented here. Furthermore the considered microprocessoas ha
different architecture from our EP/3.

To get an even higher level confidence the generated proofs are mechanically
checked using the Prototype Verification System (PVS) (Rushby 1@®3)tich
we have developed an ITL proof checking library (Cau and Moszkowski, 1086
etal 1997).

The structure of this paper is as follows. Section 2 presents a briefieweof
ITL. The general architecture of the EP/3 is described in section 3. Wetlgéve
specification and the simulation of the EP/3 in section 4, the propeftigbe EP/3
in section 5 and the verification that the specification satisfies those pespier
section 6. We give conclusions and discuss related issues in section 7.
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2 INTERVAL TEMPORAL LOGIC

Interval temporal logic is a state based logic which can be used to specify and
verify hardware and software systems. Especially it can describe bothativeli
and quantitative requirements of systems. Here we only give a brieflimttion of
ITL. For more details, please refer to B. Moszkowski's papers (Moszkiod&35,
Moszkowski 1986, Moszkowski 1994).

An interval o is considered to be a (in)finite sequence of stalgs.o;...op,
where a stat@; is a mapping from the set of variablear to the set of value¥al.
The lengtho| of an intervalog . .. 0, is equal tan (one less than the number of states
in the interval, i.e., a one state interval has length 0).

The main feature of ITL is the temporal operator hop. In ITL a formulafy ; f2
holds on an intervabg . . . 0y means that there exists grd <i < n, such thatf; and
fo hold on respectively the interval ...o; andg ... op.

The syntax ofexpressionsand formulasin ITL is defined in Table 1, wherée
denotes an integek is a static (global) variable which doesn’t change within an
interval; A is a state variable which can change within an intergals ann-ary
function; p is ann-ary predicate.

Table 1 Syntax of ITL

Expressions

exp:= i|x|A|g(exp,...,exm)
Formulas
fiu= plexp,....,exm) | ~f | fiafy|Vve f|skip]| fy; 2

The informal semantics of the most interesting constructs are as fllow

® Vv . f: forall vsuch thatf holds.

@ skip: unit interval (length 1).

® fy; fy: holdsif the interval can be decomposed (“chopped”) into a prefix and suffix
interval, such thaf; holds over the prefix ané over the suffix.

TheChopoperator has some similarities with the sequence operator of program lan-
guages. Using thehopoperator, the general temporal operatogeadalway9 and
<& (readsometimescan be defined.

Sf = Ainite; f

af = —-O-f

wherefiniteis defined in table 2. We use a special varidbteto express the interval
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length. The following formulae about interval length suctesss= n, len > ncan be
defined by theskip and the chop operator. Other useful abbreviations are defined in
Table 2.

Table 2 Frequently used abbreviations

true = 0=0 true value

flv f2 = ﬁ(ﬁfl/\ﬁfz) fl or f2

f1 D fa = —fiv f1 implies f;
fi=1 =  (fy D f2)A(f2 D f1) f1 equivalentf,
Jve f = AWef there exists & s.t. f
Of =  skip;f next f

inf =  true;false infinite interval
finite =  —inf finite interval
more =  Otrue non-empty interval
empty = -more empty interval

if fothen frelse f; = (foa f1) v (=fon f2) if then else

fin f =  O(empty D f) final state
A:=exp = OA=exp assignment

2.1 Compositional proof rule

In (Moszkowski 1994, Moszkowski 1995, Moszkowski 1996) severalgositional
proof rules were developed. Due to lack of space, we will not give axplbsition to
the compositionality theory and we thus refer the reader to publishdd ttowever,
we will use the following compositional proof rule to prove ttemination and
liveness properties of the EP/3.

FwaSD Tafin(w)

cR FwaS D T afin(w)

Fwa(S;S) D (T;T) afin(w")

wherew, w andw” are formulas in conventional first-order logic containing no tem-
poral operators and describing properties of individual states. Thestyle- means
that the formula to its right is provable in ITL axiom system. Thistfiemma states
that if w is true in an interval’s initial state anlis true on the interval thew is
true in the final state and is true on the interval. The rule shows how to compose
two such lemmas proved about input-output behavi@®, df, S andT’ into a corre-
sponding lemma fo8; S andT ; T'.
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3 THE EP/3 ARCHITECTURE

Here we give a brief introduction to the architecture of the EP/3skroplification,

we omit some details. The EP/3 processor consists of seven main cenigbache

Alul, Alu2, Memory Stack Inst (Instruction Issue) aniflemadd(Memory Address)

as shown in Fig 1. These components are connected by buses and contral, signal
such as th@y (Processor Highway) and thikeck signal.

Instructions in the EP/3 flow in a circular pipeline controlled by 85z clock.

New instructions flow from thdy (Instruction Highway) into thénst, where they

are decoded and issued onto Mg (Memory Highway). All instructions consist of

a command field which specifies the operation and operands, and a destination fiel
which specifies the target instructions to which the result will be semtinstruc-

tion is accompanied by a word of data which forms one of the operandsthike
operand can specify a location in the main memory which is read from or wtitten

From theMy the instruction enters thdemadd in which its effective address is
calculated by adding the base operand and displacement. Then the instrutdisn en
the Memoryat next clock cycle. After ‘write’ or ‘read’ operations in memory, the
instruction with the result will be sent to ti&y(Stack Highway).

TheStackreceives the input data from tisyat the beginning of each clock cycle.
The interlock signallock determines whether the output data onRtyés kept or the
input data on th&yis stored into thé&tack

The instruction from théPy enters theCacheand Alul units at the same time.
They compute different functions of the instruction concurrentte Cachefetches
the target instruction from the cache memory array according the destiaaliiivess.
And the target instruction will be sent to thest via thely at next clock cycle. At
the same timé\lul executes part of an arithmetic or logical operation and sends the
result toAlu2 which computes the remainder of the arithmetic or logical operation.

Here we only focus on the interlock control mechanism. So certain commnent
are ignored, such a&lul, Alu2, Memaddand Memory We also assume that the
functional operations in each component are correctly implemented. We atse ign
the cache loading mechanism, i.e., we assume that the complete insttuetios
already in theCache

We use a special symbbubbleto denote an empty pipeline-slot.

3.1 Component Interfaces and EP/3 Instruction Tree

For simplicity, we combine€CacheandAlul into one componerftage0 Inst and
Alu2into componenBtage landMemaddMemoryandStackinto componenstage2
We will denote the data-flow bus froftageOto Stagelagain byly (Instruction
Highway), the data-flow bus frorStagelto Stage2by My, and the data-flow bus
from Stage2o Stagey Py. The interlock signdlock is used to control the pipeline.
WhenStagelreceives the data from thg at the beginning of each clock cycle, the
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Figure 1 The EP/3 Architecture

llock signal will be set to 1 or 0 according to certain conditions. Tibek will affect
Stage(andStagedmmediately.
The input and output interface of each unit can be described as follows.

StageO (in:Py,llock; out: ly)
Stagel (in:ly; out : My, llock)
Stage2 (in:My,llock; out: Py)

We use aninstruction tree for representing machine programsin ER/8 Hinary
tree where nodes represent the instructions, arcs represent the relafathsoand
son among the instructions, and leaves represent the finished irmtsidthe model
gives the order relations among the instructions in the EP/3 pragram

Figure 2 is an example. The root node of the instruction tree ielictsdn 0. It has
two subtrees which represent two threads that start with respectivelydtistrs 1
and 2. After instruction O is executed, the instructions 1 and 2 wik$fed, one after
the other, onto thly. EP/3 should execute instruction 0 before the executions of the
instruction sons 1 and 2. The safety and liveness properties giveniextsection
will specify this order of execution. An instruction with no son Mak considered
terminated, for example instruction 7 is such an instruction.

Now we briefly describe the instruction structure of EP/3. An ingibn consists
of three parts; one is the operation part which gives the operatiansigh as ‘write’
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Figure 2 The Instruction Tree of EP/3.

or arithmetic operation ilu, the second part is the operands of the instruction and
the third is the destination addresses which are to be used to get the diegcen
instructions. In other words, the instruction tree gives the addrdations among
the instructions. Here we assume that the instruction tree has éinlfeanumber of
nodes. We will usel < j to denote that is the ancestor of.

4 SPECIFICATION OF THE EP/3

We will first show some simulation results (for which the Tempurdecis given in
the appendix1) and then proceed to give the formal specification of the EP/3

4.1 Simulation in Tempura

In Fig 3, we present the result of executing the instruction tree 8 GWen in Fig 2.
The figure shows clearly the behavior of a stack, i.e., instructionergttie stack in
State 8 and leaves the stack in State 14 while instruction 6 enters thés&iake 10
and leaves the stack in State 13. The execution time for 12 instrudsi@0scycles.

If there is only a single thread in an instruction tree, the performaftedP/3 is
then atit worst, i.e., there is always at most one instruction in fhelipie. Obviously,
the execution time isr8cycles for a single thread of length

4.2 The formal specification

The specification of EP/3 is the composition of the specifications ekteompo-
nents, i.e.,

EP/3 = StageO Stagel. Stage2
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State  0: Py=bubble Iy=bubble My=[0] Ilock=0 I=0 L=[]
State 1: Py=[0] Iy=bubble My=bubble Ilock=0 I=0 L=[]
State  2: Py=bubble Iy=[1,2] My=bubble Ilock=1 I=0 L=[]
State  3: Py=bubble Iy=[1,2] My=[1] Ilock=0 I=1 L=[]
State  4: Py=[1] Iy=bubble My=[2] Ilock=0 I=0 L=[]
State 5: Py=[2] Iy=[3,4] My=bubble Ilock=1 I=0 L=[]
State 6: Py=[2] Iy=[3,4] My=[3] Ilock=0 I=1 L=[]
State 7: Py=[3] Iy=[5,61 My=[4] Ilock=1 I=0 L=[]
State 8: Py=[3] Iy=[5,6]1 My=[5] Ilock=0 I=1 L=[4]
State 9: Py=[5] Iy=[7,8] My=[6] Ilock=1 1I=0 L=[4]
State 10: Py=[5] Iy=[7,8]1 My=[T7] Ilock=0 I=1 L=[6,4]
State 11: Py=[7] Iy=[10] My=[8] Ilock=0 I=0 L=[6,4]
State 12: Py=[8] Iy=bubble My=[10] Ilock=0 I=0 L=[6,4]
State 13: Py=[10] Iy=bubble My=bubble Ilock=0 I=0 L=[6,4]
State 14: Py=[6] Iy=bubble My=bubble Ilock=0 I=0 L=[4]
State 15: Py=[4] Iy=[11] My=bubble Ilock=0 I=0 L=[]
State 16: Py=bubble Iy=[9] My=[11] Ilock=0 I=0 L=[]
State 17: Py=[11] Iy=bubble My=[9] Ilock=0 I=0 L=[]
State 18: Py=[9] Iy=bubble My=bubble Ilock=0 I=0 L=[]
State 19: Py=bubble Iy=bubble My=bubble Ilock=0 I=0 L=[]

Figure 3 Simulation of executing a tree

Section 3.1 gave the input and output interfaces of each component. Aggfire b
ning of each clock cycle (present state), each component gets the input informat
from its input ports, then it will process the information and semsl result to the
output ports at the end of the clock cycle (next state), i.e., thererstdime delay
between input and output. The signlalck is an exception to this and is produced
immediately afteiStagelreceives the input information. In fact, there is still a time
delay between the input signals aitmtk, but we ignore it since it is very small rel-
ative to the clock cycle. In practical circuit design, fhaxk signal is produced by a
combinational circuit and affec&tageandStagedmmediately as shown in Fig 1.
This is the key to the interlock mechanism in the EP/3 design. Now ie&scribe
the specification of each component separately.

® For theStageQthe input variables ardock andPy. The output variable igy. If
llock = 0 (meaning the unit is unlocked), the value fgrwill be fetched from
the cache memory according to the destination address of instriRti@®imul-
taneously the result of instructidly will be computed, we will omit how this
is done. Here we use a functisonswhich can read the descending instruction
of Py from the cache memory. Hock = 1, the unit is locked, then the output
remains the stable. The formal ITL specificationSthgeOcan be described as
follows:

StageO= O(if llock = O then ly := songPy) else ly := ly)
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The definition of functiorsonsis as follows

bubble if Pyis a leaf of instruction tree, orlaubble
songPy) =< j if Py has one destination
j1j2 if Py has two destinationg and .

When theStagelcomponent receives the input instructignit will set or reset
the interlock signallock immediately.llock is set to 1 only when th&tageO
receives a 2-destination instruction for the first time. Otherlizek is set to
0. Here we use functiodestwhich gives the number of destinationslgf and
functionsonthat will give the actual destination instructions.
Functiondestcan be defined as follows.

0 iflyisabubble
if Iy has one destination.

des(ly)=< 1
2  if ly has two destinations.

If destly) = 1 thensor(ly) denotes the son instruction of instructignlf destly)

= 2 thenleft(ly) andright(ly) denote respectively the left and right son instruction
of instructionly. The left son instruction is first sent on thy and the right son
instruction is sent the next clock cycle.

The formal ITL specification is as follows.

Stagel=
O(if destly) = Othen llock =0 A My := bubblea | :=0
else if destly) = 1then llock= 0 My:=sorn(ly) Al :=0
elseif| = 0thenllock=1AMy:=left(ly)al :=1
else llock =0 My :=right(ly) A1 :=0

The Stage2component receives its input fro@tageland sends its output to
StageQvia the Py. However, the instruction with two destinations will need two
clock cycles to send two successive instructions ontdMieTherefore Stage2
cannot always send new instruction parcels d?oEP/3 uses the interlock sig-
nal llock to signal thatStage2should store the instruction froiy at this time,
and wait until some future time whe®y is clear and d&ubbleis present oMy.

It will then pop a stored instruction which is the head of thellist

The formal ITL specification oStageds as follows, wherdiead L) denotes the
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first element of the lisk, rest(L) denotes thé without its first element{My)"'L
denotes thally is added at the front df, and() denotes the empty list.

Stage2=
O( if lock = 1then
if My = bubblethen Py:= PyaL:=L
else Py:= Py L := (My)"L
else if My # bubblethen Py:=MyaL:=L
elseif L = () then Py:=bubbler L :=L
else Py:=headL) A L :=rest(L)

5 PROPERTIES OF THE EP/3

The specification of the EP/3 should satisfy some requirements (pieg)esuch as
safety (no bad thing will happen) and liveness (a good thing will exaiythappen).
For example, if an instruction is pushed into the stack, then it shoeldopped
out eventually. This is a liveness property of EP/3. If the specifinatiothe EP/3
satisfies these properties, then we say the abstract specification is corleatirfep
are some safety and liveness properties. We assume that the instrregignfinite.

Safety For any arbitrary instruction tree, EP/3 should execute the insbngton-
form the ancestor relatioR.

The first instructiong (the root node) is sent on tiy at the beginning of execu-
tion of any instruction tree by an initial procedure of a compomhProcessor
of EP/3 omitted in this paper.

Initial = My =ip A Py=bubblea ly = bubbler L = ()

The safety property of the EP/3 is the conjunction of followinggendies in which
i andj denote any nomubbleinstructions in the instruction tree.

1. Any instruction is descended and can not be lost.
If an instructioni is sent onto thdly, then it will pass through each component
of the EP/3, i.e., it cannot be lost before it is finished. This safedp@rty can
be specified as the conjunction of following properties

S@a = 0O(ly:=songPy) v Oly := songPy))
Sala = O(My:=sor(ly) v My := left(ly) v My := right(ly))
S®a = 0O(My=bubblev Py:=Myv headl) := My)

2. No instruction is repeatedly executed.
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Any instruction in the tree cannot appear more than once on the highways o
the EP/3, i.e.non-duplication

Sy, = Vi-OH(Py=ina(len>2;Py=i)))
SHy, = Vi-O(y=ia(len>2;ly=i)))
Sy, = Vi.OH(My=ina(len>1;My=i)))

3. Execution order is consistent with
An instruction can not appear on the high ways before its ancestors.

Sp = ¥i,j,i<]-D(=(hwy=jn(len>1;hwy=i)))
wherehwy € {Py,ly, My}.

Termination The termination property expresses that the program must terminate
for any instruction tree whose number of nodes is finite. The final stiatke
EP/3 can be described as

Final = Py=bubblen ly = bubblex My = bubblex L = ()

Supposa is the number of nodes in the instruction tree. If there is at most one
instruction in the pipeline then it is clear that the pipeline is notiffit. This
could happen if the tree has no 2-destination instructions. The esadirtie of
such atree isi® So we have the termination property

T = Initial Alen>3n D <¢OFinal

Liveness The following liveness properties will be considered:

1. Stage2must guarantee that if an instruction in the instruction tree is pushed
onto theL, then it will be popped out of thie eventually.

Li = Vielen>3na0O(iel D O(Py=i))

2. Furthermore every instruction in the instruction tree shoaleXecuted before
the time bound of B.

L, = Vie-lnitial Alen=3n > OPy=i
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6 VERIFICATION OF THE EP/3
The specification of EP/3 should satisfy (imply) the requirementspgnties). In
this section, we will give the verifications of those properties. Hegenly give the
proof guidelines and omit the detalils.
Some lemmas are used to make proofs more understandable. They are easily de-

rived from the specifications of each EP/3 component, initial assumptidis@ne
definitions.

® Proof of the Safety Property. We have to prove the following:

Initial A Stage0O\ Stagel Stage2 >
SWaASHlaASParSPpASAly A SEPp A SpP

SinceS@yp A Sl A SRy D SpandSPy = S, = S, the following will do.
Initial A StageO\ Stageln Stage2 O SpaA SplaAr SRar SOy
The following compositional rule

|—f03 f2
|—le f3

Ffonfr D fonfs
enables us to split this into

Initial A StageO\ Stagel Stage2 > Sfar S
Initial A Stagel D> Spla
Initial A Stage2 D S,

And these can be proven very easily.
® The proof of the Termination property requires the introductiotheffollowing
lemmas. From the specification of tBé&agelwe can easily get

Lemma 1 O(ly = bubblev Oly = bubble > llock = 0)

i.e., if llock = 1 then the currenly has two destinations, g will not be bubble
both this state and the next state.

The following lemma is used for the proof that once the processartisa final

state it will remain in the final state.

Lemma2 Final O OFinal



Verification of the EP/3

Proof

(1) ly=bubble> llock=0 Lemmal
(2) Py=bubblex ly = bubble > Oly = bubble 1,Stage0
(3) Oly =bubble> llock=0 Lemmal
(4) ly =bubbler Py = bubbler My = bubble>

OMy = bubble 2,3,Stagel
(5) ly = bubbler Py = bubblen My = bubbler L = () D

OPy = bubbler OL = () 1, Stage2
(6) Final > O(Final) 2,45

With the following induction proof rule of ITL

Ff > Of

Ff > Of
we get the desired result
Lemma 3 Final > OFinal

It is Lemma 3 that will actually be used in the proof of the terminatiooperty
below.

We can prove the termination property by introducing a vari@bfer counting
the issued instructions fro®tage0

We assume that at the initial stale= 1 and thereafte€ will increase untin.

ASL = (Initial D C=1)a
O((Oly # bubble > C:=C+1) A (Oly =bubble > C:=C))

Since the number of the instructions in the tree,i€ will not increase when it
reaches. So we have the following assumption

AR = 0O(C=n D> O(ly = bubbler My = bubbler C = n))

That isly # bubblenC=n D> OFinal
The other instructions must tieibbleandL must be empty after the last instruc-
tion (ly # bubblea C = n). Otherwise after a few cycldg will not be bubbleand
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thenC will becomen+ 1. That is a contradiction with the assumptionn 1
then the termination property holds else we have

(1) Initial AC=1nlen=2 D fin(C=2) ASL
(2) C=2xrlen=3 D fin(C>3) 1,ASL
(3) C=kak<nalen=3 D fin(C>k+1) 2,ASl
(4) Initial AC=1nlen=3n—-1 D> fin(C=n) 1,23 CR
(5) Initial AC=1alen=23n D fin(Final) 4,AR
(6) Initial Alen>3n > <OFinal 5,Lemma 3

® Proof of the liveness properties. Obviously we can prove the livepregerties
L1 andL, from the termination property, i.€l, D L A Lo.

7 DISCUSSION AND CONCLUSION

In this paper, we have specified the EP/3 at a high level of abstractionaved h
also given a compositional proof of correctness for its interlock mecimariSauet
al. 1996) has given a low level (at register transfer level) (executableXws@eicin of
the EP/3. (Cau and Zedan 1997) has extended ITL with refinement rules wilich w
be used to refine the abstract specification to this low level specificatidactnve
are planning to prove the logical equivalence of a variant of the pipsfiaeification
given here and a much more distributed, algorithmic descriptiored£&#3 in which
each instruction is modeled as a separate process which is responsibldifay get
itself through the pipeline. A version of this second description heesadl/ been
successfully simulated using Tempura. So the whole development pfomedsigh
level specification to low level executable code can be expressed in ITL.

In the proof of the termination and liveness properties in section 6 agenthe
assumption that the number of instructions is finite. This asswmptn be dropped
if we use a queue instead of a staclStage2Furthermoreétagezhould be changed
into (changes are underlined)

Stage2=
O( if llock = 1then
if My = bubblethen Py:= PyaL:=L
else Py:= Py L :=L"(My)
else if My # bubblethen
if L= () thenPy:=MyaL:=L
else Py:=headL) A L := L"(My)
elseif L = () then Py:=bubbler L :=L
else Py:=headL) A L :=rest(L)

)

Figure 4 shows a sample execution of the same instruction tree aswuSigd 3.
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State  0: Py=bubble Iy=bubble My=[0] Ilock=0 I=0 L=[]
State 1: Py=[0] Iy=bubble My=bubble Ilock=0 I=0 L=[]
State 2: Py=bubble Iy=[1,2] My=bubble Ilock=1 I=0 L=[]
State  3: Py=bubble Iy=[1,2] My=[1] Ilock=0 I=1 L=[]
State  4: Py=[1] Iy=bubble My=[2] Ilock=0 I=0 L=[]
State 5: Py=[2] Iy=[3,4] My=bubble Ilock=1 I=0 L=[]
State 6: Py=[2] Iy=[3,4] My=[3] Ilock=0 1I=1 L=[]
State 7: Py=[3] Iy=[5,61 My=[4] Ilock=1 I=0 L=[]
State 8: Py=[3] Iy=[5,6]1 My=[5] Ilock=0 I=1 L=[4]
State 9: Py=[4] Iy=[7,8]1 My=[6] Ilock=1 I=0 L=[5]
State 10: Py=[4] Iy=[7,8] My=[7] Ilock=0 I=1 L=[6,5]
State 11: Py=[5] Iy=[9] My=[8] Ilock=0 I=0 L=[7,6]
State 12: Py=[6] Iy=[10] My=[9] Ilock=0 I=0 L=[8,7]
State 13: Py=[7] Iy=[11] My=[10] Ilock=0 I=0 L=[9,8]
State 14: Py=[8] Iy=bubble My=[11] Ilock=0 I=0 L=[10,9]
State 15: Py=[9] Iy=bubble My=bubble Ilock=0 I=0 L=[11,10]
State 16: Py=[10] Iy=bubble My=bubble Ilock=0 I=0 L=[11]
State 17: Py=[11] Iy=bubble My=bubble Ilock=0 I=0 L=[]
State 18: Py=bubble Iy=bubble My=bubble Ilock=0 I=0 L=[]

Figure 4 Simulation of modified EP/3

At state 9 instruction 5 doesn’t bypass the queue but enters the quisirasita-
neously instruction 4 leaves the queue. This improvement ensuresitbaséa of an
infinite tree, an instruction leaves the queue eventually, i.e., isw'ttaken by any
other instruction. One can see that “the execution order” is preserved.

The termination and liveness properties should then be reformulateticagsfo

Initial A inf D <¢OFinal
Vi,ji<j+0(Py=ininf > OPy=j)

1

T
L

wherei and | are not bubbles.

Following the methodology of this paper, it is easy to extend thefigation of
EP/3 with anlO processorcomponent. The latter is responsible for cache memory
loading and external communications.

In (Cau and Moszkowski 1996) we have embedded the ITL proof systeminwit
the Prototype Verification System (PVS). Some of the proofs genenratie pa-
per are mechanically checked, see appendix2 for the ITL specification of the EP/3
encoded in PVS using the ITL library. Part of the refinement calculus of &Dau
Zedan 1997) has also been incorporated into PVS, so that refinement can also be
mechanically checked (Caat al 1997). Furthermore a link between PVS and the
Tempura simulator will be built which allows executable ITL specifiaagiderived
with PVS to be executed. So a general development tool is constructeddhn ydu
can verify, refine and execute ITL specifications.

The interlock mechanism of EP/3 uses both asynchronous and synchsigous
nals to control the components. This demonstrates that ITL is sufaidescribing
both synchronous circuits and asynchronous circuits. In (Cau and Ze8@h &%
plicit constructs for both synchronous and asynchronous commumidadice been
defined.
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APPENDIX1 TEMPURA CODE

The following is a listing of the Tempura code. The code is based @spkcifica-
tions StageQStagelandStage2

/* initial cache memory and [] denotes bubble */
define cachem=[[1,2],[3,4],[5,6],[7,8]1,[9],[101,[11]1,(1,01,00,03,011.

define sons(N)={if N=[] then [] else cachem[N[0]] }.
define dest(N)={if N=[] then O else |N| }.

define son(N)={ N }.

define left(N)={ [N[0]] }.

define right(N)={ [N[11] }.

define stage0(Py,Ilock,Iy,Stop)={
always(if Stop then {Ilock=0 and empty}
else if Ilock=1 then Iy:=Iy else Iy:= sons(Py) )}.

define stagel(Iy,Ilock,I,My,Stop)={
always(if Stop then empty else
if dest(Iy)=0 then {Ilock = 0 and My:= [] and I:=0 }
else if dest(Iy)=1 then {Ilock=0 and My:=son(Iy) and I:=0}
else if I = 0 then {Ilock=0 and My:=left(Iy) and I:=1}
else { Ilock = 1 and My:=right(Iy) and I:=0 })}.

define stage2(My,Ilock,L,Py,Stop) ={always( if Stop then empty else
if Ilock=0 then if My=[] then if L=[] then {Py:=[] and L:=L}
else { Py:=[L[0]] and L:= L[1..|L|]} else {Py:=My and L:=L}
else if My=[] then {Py:=Py and L:=L} else {Py:=Py and L:=My + L})}.

define ep3() = { exists L,Py,Iy,My,Ilock,I,Stop: {
L=[] and I=0 and My=[0] and Py=[] and Iy=[] and
always format("Py=6t Iy=47t My=/5t Ilock=42t I=%2t L=Yt\n",
Py,Iy,My,Ilock,I,L) and
always (Stop={Py=[] and Iy=[] and My=[] and L=[]}) and
and stageO(Py,Ilock,Iy,Stop)
and stagel(Iy,Ilock,I,My,Stop)
and stage2(My,Ilock,L,Py,Stop) }}.



PVS specification

APPENDIX 2 PVS SPECIFICATION

The following is part of the ITL specification of the EP/3 encoded in Pi/nports
the ITL library discussed in (Cau and Moszkowski 1996, @aal. 1997). All the
proofs presented here have been checked. Due to space limitations wevavitiagi
further details but refer to (Cau and Moszkowski 1996, @aal. 1997) for more
details. The ITL library can be obtained from
http://www.cms.dmu.ac.uk/”cau/project.html.

interlock : THEORY

BEGIN
itl: LIBRARY °‘/export/homeO/users/acau/ctempura/Pvs/itl’’
importing itl@itll

initial : form = py=bubble /\ eqa(iy,bubble2) /\ my=root /\ Llen=zero
final : form = py=bubble /\ eqa(iy,bubble2) /\ my=bubble /\ Llen=zero

pipeOinner : form = ife( ilock=zero, ast(iy,sons(py)), ast(iy,iy) )
pipe0 : form = inf /\ [1( pipeOinner )

pipelinner : form =
ife(dest(iy)=zero,
ilock=zero /\ as(my,bubble) /\ as(i,zero),
ife(dest (iy)=one,
ilock=zero /\ as(my,son(iy)) /\ as(i,zero),
ife(i=zero,
ilock=one /\ as(my,left(iy)) /\ as(i,one),
ilock=zero /\ as(my,right(iy)) /\ as(i,zero)
)
)
)
pipel : form = inf /\ []1( pipelinner )

pipe2inner : form =
ife(ilock=zero,
ife (my=bubble,
ife(Llen=zero,
as(py,bubble) /\ as(Llen,Llen) /\ asl(L,L),
as(py,head(L)) /\ as(Llen,Llen-one) /\ rest(L)

as(p;,my) /\ as(Llen,Llen) /\ asl(L,L)

ife (my=bubble,
as(py,py) /\ as(Llen,Llen) /\ asl(L,L),
as (py,py) /\ as(Llen,Llen+one) /\ concat (my,L)
)

)
pipe2 : form = inf /\ [1( pipe2inner )

spOa : form
spla : form
sp2a : form
spOb : form
sp2b : form

inf /\ [1( ast(iy, sons(py)) \/ ast2(iy, sons(py)) )

inf /\ [1( as(my,son(iy)) \/ as(my,left(iy)) \/ as(my,right(iy)) )
inf /\ [1( my=bubble \/ as(py,my) \/ as(head(L),my) )

inf /\ FA(i2, zero<=i2 => [1(-(py=i2 /\ (skip~skip~finite~(py=i2)))))
inf /\ FA(ib, zero<=i5 => [1(-(my=i5 /\ (skip~finite~ (my=i5)))))

saf_1 : LEMMA (pipel /\ initial) => spla
saf_2 : LEMMA (pipeO /\ pipel /\ pipe2 /\ initial) => (spOa /\ spOb)
saf_3 : LEMMA (pipe2 /\ initial) => sp2a

END interlock



