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1 Syntax

Boolean expression syntax varies according to the Sugar flavor used. The formal syn-
tax definition uses the complete set {—, A}, and semantics are given here only to these
two operators. Semantics of any other boolean expression follow directly from these.

Definition 1 (Boolean expression).

— FEvery atomic proposition is a boolean erpression.

— If b, by, and by are boolean expressions, then so are the following:
. ()
e b

[ b1 A b2
Definition 2 (Sugar Extended Regular Expressions (SEREs)).

— FEvery boolean expression is a SERFE.

— Ifr, r1, and ro are SERFEs, and clk is a boolean expression, then the following are
SEREs:

{r}

1 T2

T T

{ri} | {re}

{ri} && {ro}

r[#]

rQclk

Definition 3 (Formulas of the Sugar Foundation Language (FL)).

— FEvery boolean expression is a Sugar FL formula.
— If b and clk are boolean expressions, f, f1, and fo are Sugar FL formulas and r,
r1, and ro are SEREs, then the following are Sugar FL formulas:

e (f)



o —f

e fiNfa

e X! f

o [f1U [

o {r}(f)

o {ri} = {r2}!
o {ri}={rs}
e f abort b

e fQclk

o fQclk!

In Section 3, we show additional operators which provide syntactic sugaring to those
described above.

Definition 4 (Formulas of the Optional Branching Extension (OBE)).

— FEvery boolean expression is an OBE formula.
— If f, fi, and fy are OBE formulas, then so are the following:

e (f)

-f
Jinfa
EXf
Elf1 U f2]
EGf

Additional OBE operators are derived from these as follows *:

= fiVfo=(=fiN=fo)

—fh—=fo="fV/f

- fie o= = f)N(fo— f1)
EFf=E[TU f]

AXf = —EX~f

= AlA U fo] ==(E[-f2 U (=fi A= f2)] V EG=f2)
— AGSf = ~E[r U ]

CAFf = At U f]

Definition 5 (Sugar Formulas).

— FEvery Sugar FL formula is a Sugar formula.
— FBvery OBE formula is a Sugar formula.

! Where T = p V —p for some p € P.



2 Semantics

The semantics of a Sugar formula are defined with respect to a model M. A model
is a quintuple (S, Sy, R, P, L), where S is a finite set of states, Sg C S is a set of
initial states, R C S x S is the transition relation, P is a non-empty set of atomic
propositions, and L is the valuation, a function L : S — 2, mapping each state
with a set of atomic propositions valid in that state.

A path 7 is a finite (or infinite) sequence of states m = (mp, 71, T2, -, 7)) (or
7w = (7o, 1, T2, *)). A computation path m of a model M is a finite (or infinite) path
7 such that for every ¢ < n, R(m;, m;i+1) and for no s, R(my, s) (or such that for every
i, R(m;,miy1)). Given a finite (or infinite) path 7, we define L, an extension of the
valuation function L from states to paths as follows: L(7) = L(mo)L(m) ... L(my,) (or
L(m) = L(m)L(m) ... ). Thus we have a mapping from states in M to letters of 27
and from finite (or infinite) sequences of states in M to finite (or infinite) words over
2P,

We will denote a letter from 2F by ¢, and a finite or infinite word from 2 by w.
We denote the length of word w as |w|. A finite word w = €ol14s - - - £,, has length n+1,
while an infinite word has length co. We denote by w’ the suffix of w starting at ¢;.
That is, w® = ;i1 -y (or w® = £;l;11---). We denote by w®J the finite sequence
of letters starting from ¢; and ending in ¢;. That is, w™ = £;l;4q ... {;.

For readability, we first define the semantics of unclocked Sugar formulas (and
SEREs) and only then the semantics of clocked Sugar formulas (and clocked SEREs).
In fact, the semantics of unclocked Sugar formulas (and unclocked SEREs) can be
obtained from the semantics of clocked Sugar formulas (and clocked SERESs) by re-
placing the clock context with T2.

Semantics of boolean expressions

We define the semantics of boolean expressions over letters from the alphabet 27,

thus a letter is a subset of the set of atomic propositions P. The notation ¢ |= b means
that boolean expression b holds under the truth assignment represented by ¢. The
semantics of boolean expressions are defined as follows, where p denotes an atomic
proposition and b, by, and by denote boolean expressions.

—lEp=pel
() e f b
b e (D
—E):bl/\b2<:>£|:b1 andﬁ):bg

2.1 Unclocked Semantics

Semantics of unclocked SEREs

The semantics of unclocked SEREs are defined over finite words from the alphabet 2.
We will denote a finite word over 2° by w. The concatenation of w; and wsy is denoted

2 Where T = p V —p for some p € P.



by wyws. The empty word is denoted by €, so that we = ew = w. The notation w =,
where r is a SERE, means that w is in the language of r. The semantics of SEREs
are defined as follows, where b denotes a boolean expression, r, ry, and 7y denote
unclocked SEREs, and [i..k] denotes the set of integers {5 : i<j A j<k}.

wEb< |w|=1and { Eb

—wE{rt=wkEr

— w [E=r1;7r9 <= there exist wy and ws such that w = wyws, wi =11, and wy 719

— w |=ry:ire <= there exist wq, we, and ¢ such that w = wilws, w1l =11, and
lws =19

—wE{r}{r} <= wkEr orwkEr

—wE{r}&&{r} < wEr and w Ere

—w Izr[*] <= either w = € or there exist wy, ws, ... , Wy such that w = wiws . .. W

and for every i € [1..5], w; =7

Semantics of unclocked Sugar FL formulas

The semantics of Sugar FL formulas are defined over finite or infinite words from the
alphabet 2F. The notation w = f means that formula f holds along the (finite or
infinite) word w. The notation M |= f means that L(7) |= f for every computation
path 7 in M such that mg € Sy. The semantics of an FL formula are defined as
follows® , where b denotes a boolean expression, r, 71, and 7 denote SEREs, f, f1, and
f2 denote FL formulas, and [i..k) denotes the set of integers {5 : i<j A j<k}.

- w ’: IR== €0 }: b

—wkE(({)e=eESf

W f e Wt S

(.«J':fl/\f2<:>w|:f1 andw|:f2

wEX! f<|jw>1landw! E f

w = [f1 U fa] <= there exists k € [0..Jw|) such that w* = fo, and for every

jE0.k), W fi

— wE {r}(f) & for every j € [0..|w]|) such that W% Er, wi Ef

—w E {r1} {r}! & for every j € [0..Jw|) such that w®J = r; there exists

k € [j..|w|) such that w?* = ry

w E {r1} — {ra} <= for every j € [0..|w|) such that w%J |= r; either there exists

k € [j..|w|) such that w?* |= ry or for every k € [j..|w|) there exists a finite word

w’ such that w?kw' |= 7y

— w = f abort b < either w |= f or w |= b or there exists j € [1..|w|) and word w’
such that w/ = b and W%~ 1w = f

3 The semantics presented here for the LTL operators are the standard ones.



2.2 Clocked Semantics

In the above we disregarded the clock operator (@) in the definition of Sugar formulas
(and SEREs). The semantics of clocked SEREs and clocked Sugar formulas are
defined formally below?.

Semantics of clocked SEREs

Clocked SEREs are defined over finite words from the alphabet 27 and a boolean

expression that serves as the clock context. The notation w [ r, where r is a SERE
and c is a boolean expression, means that w is in the language of r in context of clock
c. The semantics of clocked SEREs are defined as follows, where b, ¢, and ¢; denote
boolean expressions, r, 71, and r5 denote clocked SERESs, and [i..k) denotes the set of
integers {j : i<j A j<k}.

— w b« |Jw| > 1, for every i € [0..[w| — 1), ; = —c and £j,—1 = cAb

—wE{{r}es=swEr

— w [ 1151y <= there exists w; and wy such that w = wyws, wy =1, and wy E ro

- w |:C7‘1:7‘2 <= there exists wy, wa, and ¢ such that w = wilws, w1l Iérl, and
lwy |:C1"2

—wEA{r}{r} = wEr orw}Er

—wE{r}&&{rs} <= wEr and w Ery

— w & 7[*] <= either w = € or there exists wy, wa, . .., w; such that w = wyws ... w;
and for every i € [1..7], w; Er

— w ErQ@c; <> there exists i € [0..|w|) such that w® = {=¢1[#];¢1} and w? B 7

Semantics of clocked Sugar FL formulas

We now turn to the semantics of clocked Sugar FL formulas. The notation w = f
where f is a formula and c¢ is a boolean expression means that formula f holds along
the (finite or infinite) word w in the context of clock ¢. The notation M = f means that

IA/(7T) }; f for every computation path 7 in M such that o € Sy (where T = pV —p for
some p € P). The semantics of a (clocked) Sugar FL formula are defined as follows®,
where b, ¢, and ¢; denote boolean expressions, r, 1, and 7y denote SERESs, f, f1, and
f2 denote (clocked) FL formulas, [i..k) denotes the set of integers {j : i<j A j<k},
and (i..k) denotes the set of integers {j : i<j A j<k}.

—wEbes wED
W) e w

4 An equivalent definition in terms of rewrite rules is given in Appendix A.

> When the context is T, the semantics reduce to the unclocked semantics as previously
presented. Thus, the semantics of the LTL operators in context T reduce to the standard
ones.



—wEAf WS

wEHAfo=wEfi andw E f

— w E X! f <= there exists i € [1..Jw|) such that w' = {~¢[+]; ¢} and w' £ f

— wE[f1 U fy] < there exists k € [0..|w|) such that w* = ¢, w* £ fo, and for

every j € [0..k) for which w/ F¢, w [ f;

w E{r}(f) <= for every i € [0..|w|) such that w®! [ r, there exists j € [i..|w])

such that w? [ f

— w E{r1} — {r}! <= for every i € [0..|w|) such that w®® £ 7, there exists j €
[i..|w|) such that w™ [ ry

— wE{r1} — {r} <= for every i € [0..|w|) such that w®? £ ry, either there exists
j € [i-.Jw|) such that w® Ery or for every j € [i..|w|) there exists a finite word
w’ such that w™w' 7y

— w [ f abort b <= either w = f or w = b or there exists i € [1..|w|) and word '’

such that w’ = c A b and W' £ f

w [ fQc! <= there exists i € [0..|w|) such that w®? = {=ci[*];¢1} and w® B f

2.3 Semantics of OBE formulas

The semantics of OBE formulas are defined over states in the model, rather than
finite or infinite words. The notation M, s |= f means that formula f holds in state
s of model M. The notation M k= f is equivalent to Vs € Sy : M,s | f. In other
words, f is valid for every initial state of M. The semantics of an OBE formula are
defined as follows®, where b denotes a boolean expression and f, fi, and f, denote
OBE formulas.

- M,sEb<=sk=b

- MskE(f)=MskEf

- M,sE-f< M,slEf

- M,sEfinfas= M,sE= f1 and M,s = fo

— M,s E EX f <= there exists a computation path 7 of M such that |r| > 1,
mo=8,and M,m = f

— M,s = E[f1 U fy] <= there exists a computation path 7 of M such that 7o = s
and there exists k < |r| such that M, 7 = fo and for every j such that j < k:
M,m; = fi

— M,s E EG f <= there exists a computation path 7 of M such that myp = s and
for every j such that 0 < j < |m|: M,n; = f

3 Syntactic sugaring

The remainder of the temporal layer is syntactic sugar. In other words, it does not
add expressive power, and every piece of syntactic sugar can be defined in terms of
the basic Sugar FL operators presented above. The syntactic sugar is defined below”.

5 The semantics are those of standard CTL.
" Where T = p V —p for some p € P and F = p A —p for some p € P.



Note: the definitions given here do not necessarily represent the most efficient
implementation. In some cases, there is an equivalent syntactic sugaring, or a direct
implementation, that is more efficient.

Additional SERE operators

If 4, j, k, and [ are integer constants such that ¢ > 0, j > 4, k > 1 and | > k,
then additional SERE operators can be viewed as abbreviations of the basic SERE
operators defined above, as follows, where b denotes a boolean expression, and r
denotes a SERE.

{ri} & {ra} = {{ri} && {ro; x|} } [ {{ri; 7]} && {r2}}

— rl+] =7
F[#] ifi=0
) m otherwise
= rlxi.g] = {r[«d}...{r[]}
— rlxi.] = {r[x]}; {r[]}
— r[x..i] = {r[*0]}]...|{r[*i]}
— r[x..] = r[*0..
- [+ =1+
— [ =1
— [xi] = T[]
— [*i..j] = T[*i..J]
— [¥i..] = T[*i.]
— [*.d] = T[*..q
— [x.] =T[*.]
— b[=i] = {=b[]; b} [xi]; —b[%]
— b[=i..j] = {b[=d]}|...[{b[= j]}
— b[=i.] = b[=i]; [4]
— b[=..i] = {b[= OJ}|...{b[= ]}
— b[=.]=0b=0.]
— b[—] = —b[«]; b
— b[— k] = {—b[+]; b} [xk]
— b[— k..l] = {b]— K]}...][{b]— 1]}
— b[— k..] = {b[— K]} |{b[— KI; [«]; b}
= b0[— ..k] = {b[— 1]}|...[{b[— K]}
— b[—.]=b—1.]

Additional operators

If 4,5,k and [ are integers such that ¢ > 0, 7 > 4, £k > 0 and [ > k then additional
operators can be viewed as abbreviations of the basic operators defined above, as
follows, where b denotes a boolean expression, r, r1, and ro denote SEREs, and f, fi,
and f denote FL formulas.

= fiVvfa=2(=fi Af2)
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—fi=fo=2f1V fo
- hefa=(— )N (f2— fi)

- Gf=-F=~f
CXf= X! of

- Ff=[rU f]

AW hRl=[AHU f]vGhH

— always f=G f

— never f =G —f

— next! f=X!f

—next f=X f

— eventually! f = Ff

— fireleases fo = [f1 V f2]

— fruntil! fo = [f1 U fo]
— fruntil fo=1[fi W fo]
— fruntill_ fo =[f1 U f1 A fo]
= fruntil_ fo = [fi W fi A fo]

— fibefore! fo=[~fo U fi A—fo]
= fibefore fo=[~fo W fi A= fo]
— fibeforel_ fo=[-fo U fi]
— fibefore_ fo =[-fa W fi]
- Xl[i|f=X' X! . X!l f
1 times
X[ = XXX f
— nextl[i] f=X![] f
— neatli] f= X[ f
— neat.alli-f)f = (XL A A (XILF)
— next.ali.g1f = (X[ A A (X[1)
— neat ellioglf = (XU V. v (X[17)
— next_eli..jlf = (X[i]f) V. (X[j]f)

— next_event!(b)(f) = [-b U bA f]
— next_event(b)(f) = [-b W bA f]

k—1 times

— next_event!(b)[k](f) = next_event!(b) (X! next_event!(d)...(X! next_event!(b)(f))...)
k—1 times

— next_event(b)[k](f) = next_event(b) (Xnext,event(b) (Xnext_event(b)(f))...)

— next_event_al(b)[k..1](f) = next_event!(b)[k](f) A ... A next_event!(b)[l](f)

— next_event_a(b)[k..l](f) = next_event(b)[k](f) A ... A next_event(b)[](f)

— next_event_el(b)[k..l](f) = next_event!(b)[k](f) \/ .V next_event!(b)[1](f)




— next_event_e(b)[k..l)(f) = next_event(b)[k](f) V ... V next_event(b)[l](f)

—{ri}t = {ro = {r1} — {T;72}!

{ri} = {re} ={r} = {mir2}

— always{r} = {T[*]} — {r}

— never{r} = {T[*|;r} — {F}

— eventually! {r} = {1} — {T[*];r}!

— within!(r1,b){r2} = {r1} — {r: && b= 0]; b}!
— within(ry,b){ra} = {r1} — {r: && b[=0]; b}

— within!_(r1,b){r2} = {r1} — {r2 && {b[=0]; b} }!
— within_(ri,b){r2} = {r1} — {r: && {b[=0];b}}
— whilenot!(b){r} = within!(T,b){r}

— whilenot(b){r} = within(T,b){r}

— whilenot!_(b){r} = within!_(T,b){r}

— whilenot_(b){r} = within_(T,b){r}

— fQc = ~(=fQc!)

Forall

If f is a Sugar formula, vy, vy, --,v, are constants, and 7, k,l and m are integers,
then the following are Sugar formulas:

— forall i in {vg, vy, -, vn}: f

— forall iin j.k: f

— forall i in boolean : f

— forall i{l.m) in {vg,v1, -, vn}: f
— forall i{l.m) in j.k: f

— forall i{l..m) in boolean : f

Forall does not add expressive power. Rather, it can be viewed as additional syn-
tactic sugar, as follows:

— forall i in {vg,v1, -, v,}: f = /\ fli — u]

u€{vg,v1,,Un}

k
— foralliin j.k: f = /\ [t — u]

u=yj

1
— forall i in boolean : f = /\ fli < u)

u=0

— forall i{l.m) in {vg,v1, -, vn}: [ = /\ /\ FlEL.m) — (ug..um))

u€{v0,v1,",Un } Um €{V0,V1,"*,Vn }

k k
— forall i{l.m) in j.k: f = /\ /\ flEl.m) — (ug..um)]

u=j Um =]
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1 1
— forall i{l..m) in boolean : f = /\ /\ FIEL.m) — (ug..um))

u;=0 Uy, =0

where f[i « u] is the formula obtained from f by replacing every occurrence of
i by w and f[i(l..m) <« (u;..u;,)] is the formula obtained from f by replacing every
occurrence of index j (where [ < j < 'm) in the vector i by u;.

4 Typed-text representation of symbols used in this
definition

Table 1 shows the mapping of various symbols used in this definition to the corre-
sponding typed-text Sugar representation.

Table 1. Typed-text symbols in the Verilog, VHDL, and EDL flavors

Verilog| VHDL|EDL
— |-> |=> | |->
= |=> [=> | |=>
— -> -> ->
— | <> <=> | <>
il ! not !
A && and &
Vv Il or |
. : to .
()| [1 ) | )
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A Rewriting rules for clocks

In Section 2.2 we gave the semantics of clocked Sugar formulas directly. There is an
equivalent definition in terms of unclocked Sugar formulas, as follows: Starting from
the outermost clock, use the following rules to translate clocked SEREs into unclocked
SEREs, and clocked Sugar formulas into unclocked Sugar formulas. The rewrite rules
for SEREs are:

1. 7¢(b) = {~c[*];c A b}
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T 5 re) = T4(r1) 5 T9(r2)
TC(T’l : 7"2) = TC(T'l) : TC(T'Q)
Te(ry [ r2) =T%(r1) | T%(r2)
TC(T’l && T2) = TC(Tl) && TC(TQ)

- T(r[#]) = {T°(r)} [+
. T¢(rQcy) = {—e1[*]; c1: T (r1)}

The rewriting rules for Sugar formulas are:

.Teb) =0

- T(=f) = 2T())

S Te(fi A f2) = (T(fL) NTA(f2))

CTX) =X [me U (e ATe(f))]

CT(fr U f2) = [(e = T(f1)) U (e AT(f2))] ]
ST H) = AT U (e ATH(S) ])
ST} = {r2}) = {T°(r)} = {T°(r2)})
Ty = {re}) ={T°(r)} = {T°(r2)})

. T°(f abort b) = T¢(f) abort (c A b)

. T(fQe!) = [ner U (er AT ()]



