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Achievements:

A novel microelectronics hardware unit suitable for integration into
digita»l integrated circuits was invented. The domain of this t ral
inference accelerator unit (TIU for short) is the field of
qualitative temporal logic amongst time intervals. A key idea is the
representation of compound temporal relations as binary words, in
orderr that the transitive function of two arbitrary compound
relations can be computed in parallel, i. e. in constant time. A
speedup factor of one to four orders of magnitude compared to a
software implementation of the transitivity table is expected,
depending on the design of the- software driver program and on the
computer hardware, and the type of execution paral elism involved.
The TIU can be easily integrated onto a conventional PCB inside a
computer workstation; as part of a larger VLSI system, or as a
standalone circuit. A patent for the TIU was applied for.

Summary:

The TIU is a hardware implementation of the transitivity table
central to Allen's qualitative, interval-based temporal logic. In the
TIU, temporal relations amongst two time intervals are represented as
an n-bit binary word. Two such words, which describe part of the
temporal relations amongst three connected time intervals, allow the
computation of the third, missing relation. Thus, a TIU maps two
binat¥ words of length n onto one binary word of length n. [Typical
size for n: n = 13). Two possible instantiations of the TIU are shown

%‘YI'U detail. Both instantiations demonstrate the general concept of a
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1. Motivation

- > 0 -

i : fore or
T ral logic answers questions such as: “When A happens be
pggcl)lel tqu, and Hhegu B starts C or when B is before gé ix}t etahigg
relation is A standing to C 2" These questions can as e
complex issues, e. g. , Job scheduling on the factory oor,
aircraft scheduling in airlines, etc.

2. Review of Work

Allen's temporal logic [Allen 1983, 1984) is a successful example of
an algebraic syste?l? describing (qualitative) relations amongst time
intervals. Several computer programs in the area of
artificial intelligence have been based on this particular
temporal logic [Allen 1983, Vilain 1982, Rit 1986, Becker 1988,
Huber 1988). However, these programs run on general urpose
computers and are not supported by special hardware. Thus, they

are inherently slow.

3. Definition of Terms

*Temporal logic® and "qualitative t ral logic® are-defined in
scmtiﬁc literature. Cf. [Rescher, quuhart 1971], [Allen 1983],
[Huber, 'Becket _1988].

4. Prototype Structure and Performance

A simple prototype sgstem may be implemented using a standard bus
based system (e. g. PC, PS, EISA or VMEBus based workstation). The
hardware may be implemented as a desktop-programmable iate array, or
as programmable logic. The TIU will occupy one macro cell (or several
identical macro cells, in a parallel processing system).

Using this new design, the simplest conceivable system which uses TIU
hardware may consist of:

{%; a user ir.rtxterfgce: . ble of d ibi
an e system component capable of describing (temporal
situations by objects and relations amongst objects, and g (cgg?ble )
of connecting to other expert systems and data bases;

(3) a driver program that updates a temporal net in the
computer's storage, and interfaces to the TIU;

the TIU which executes Allen's transitivity table in
hardware.

This could be mapped upon a conventional computer equipped with a bus
sgstem: components (1) and (2) are executed by thqeu lgg:t, component
(3) uses the host memory (or memory connected by bus), and component
(4} is situated on a separate board connected to the host via bus.

The immediate gain in computational speed ig ressi

a conventional software solution on pae Lisp %nna}pchinelv?ﬁeg)?g?ai%%;]:o
!;hlch consumes (on a small example) 407 seconds of cpu time doing
130,000 temporal inferences, or approximately 1,800 tempora
nferences per second, we expect the hardware to perform 10 million
gr more temporal inferences ger seconds (TIPS), limited only by the
andwidth of the host system bus, the wait states of the hardware for
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the cpu, or a slow driver program. Thi
the oF <'>f magnits. prog his is a speedup of nearly four

5. Realization

The TIU hardware device can be implemented as dedicated

electronics hardware. This may be a gate array, a standard cell
array, full customs VLSI hardware, Er rammabie logic, and parts

gf anl}{uL gglthese. Even a ROM-based so uggon is feasigle, though not
cono .

6. Example 1: Six-Valued Temporal Logic

We assume the existence of a qualitative six-valued temporal
interval logic. The six relations (values) amongst intervals are:

forward relation inverse relation

B (before) A (after)
D (during) C (contains)
0 (overlaps) 01 (overlapped by)

If we want to express a statement like "interval P is before
interval Q or contains interval Q“, we simply write "P (B,C) Q".

Pictoral examples:

(la) before: X({(B)Y : XXYYY
(1b) before: X (B} Y : XXXYYY
: XYy : XX
(2a) during (D) Ty
: XMy : XX
(2b) duhring
: X ()Y : XXX
(2c) during (D) X
: X0 Y : XX
(3) overlaps {0) XX
(4a) after: X (A) Y : YYY XXX
(4b) after: X (A) Y :  YYyYxXxXX
ins: C) Y : YYY
(5a) contains: X (C) SORX
: Q)Y : YYY
(5b) contains: X (C) L.
(5c) contains: Xy . YYY
PFH

-208 -




: Y : YYY
(6) overlapped by: X (0I) i

Note: the equality of two time intervals A, B can be enforced by
épecifying that (A" (D) B) & (A (C) B)].

er a more complex question like "When A happens before
ggwcggtgggg g, and "hegpa contains C or when B is overlagped bx
C, in which relation is A standing to C ?" As a formula: (
(8,C) B) & (B (C,0I) C) ?

: is can be done by the introduction of a transitivity
fgg e.1A tzgg:itivity table znswers all questions of the form " (A
R1 B) & (B R2C) ==> (AR3C)", with Rl, R2, R3 being arbitrary
compound relations.

R3=2| B | O | D | A | O | ¢
T+ i M
B B | B B,0,D T - B,0,D B
I 4. < -
- T ~‘r L) L4
0 I B ! B,0 0,D A,01,C | 0,01,D,C B,0,C
1 ! d & < ) <
D B B,0,D D A | 30LD T
.! 4 <+ LA . )l
A T A,01,D | A,01,D A A A
I <4 <.
1 | l |
0I | B,0,C 0,01,D,C 01,D A A,01 A,01,C
I <
1 | | |
C | B,0,C o,¢c 1| o01,D,C{ A,0I,C | o1,C o

[Note: let T = (B,0,D,A,0I,C)].

Step 2: To compute R3, one looks up each simple relation of Rl
(as a row index) by each simple relation of R2 (as a  column
index). The union of all entries is the desired result R3.

Example: (A (B,C) B) & (B (C,0I) C) ==> Rl = (8,C), R2 = (C,0I).
We look up

ow column result
B C B
B 01 B,D,0
C C Cc
C 01 0I1,C
and receive as a union of results R3 = (,0,0,01,C). Thus

interval P may stand in any relation to interval Q, except that
never I /{A) Q.

Step 3: Such a transitivity table can be set u by systematicall
examining each simple combination of R1 and R2. By analysis o
the transitivity table, one finds that there are exactly 16
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compound or simple relations as instances of R3: (), (B,0,D), T
(B0, 10,D), ~B,0LC), (C,D,0,01), (0, (D), ) h0LD)

10, C)s D), (A,0I), (0I,C), {0,C). In the context of this
éxample, we call each of these 16 relations a "state".

Step 4: Now we can specify a set of boolean equations for each
of
theilglstates. (The row values are taken as thi,nde ndant boolean
va]r.(- ables Bl, 01, D1, a1, OI1, C1; and the column values are
Eg)en as 6 independant boolean variables B2, 02, D2, A2, OI2,

(B)S = B1BZ + B102 + B1C2 + O1B2 + B1R2
(B,0,D)S = B1D2 + B10Il + D102

TS = B1A2 + DIC2 + AlB2

(8,0)$ = 0102

(0,D)S = 01D2

(A,0I,C)S = O1A2 + 01C2 + ClA2
(C,D,0,0I)S = 01012 + 01102 + C1D2

(C)S = c1c2

(D)S = DID2

(R)S = D1A2 + AlA2 + R10I2 + AIC2 + OI1A2
(A,0I,D)S = D10I2 + A102 + AID1
(B,0,C)S = 01C2 + OI1B2 + C1B2

(0I,D)S = 0I1D2

(R,0I)S = 011012

(0,€)S = C102

(01,C)S = C1012.

Step 5: Bx mapping the 16 states upon the simple relations B, O,
[

D, A, 0I, we receive another 6 boolean equations:

BS = (B)S + (B,0,D)S + 75 + (B,0)S + (B,0,C)S

oS = (B,0,D)S + 75 + (B,0)S + (0,D)5 + (0,01,D,C)S + (B,0,C)S + (0,C)S
pS = (B,0,D)S + T5 + (0,D)S + (0,0I,D,C)S + (D)S + (A,0I,D)S + (OI,D)S
AS = 7S + (A,0I,C)S + (A)S + (A,0I,D)S + (A,0I)S

01S = 75 + (A,01,C)S + (0,01,D,C)S + (A,01,D)S + (0I,D)S + (0I,C)S
¢S =15 + (A,01,C)S + (0,01,D,C)S + (B,0,C)S + {0,C)S + (OI,C)S + (C)S

Step 6: Now, a compound relation between two intervals can be
represented as a 6-bit word, when we assign the first bit to Bl
or B2, the second bit to 01 or 02, etc. E.g.: (A (B,C) B} & (B
(C,0I) C) yields the words "100001" for Rl and "000011" for R2.
By realizing the above boolean equations in hardware, we receive
a  hardware transitivity table (the TIU). The TIU of this
particular, six-valued logic has two input words of 6 bits and
one output word of six bits. The union of simple relations (as
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described in -step 2) is performed by the drafted hardware in
parallel, that is, in constant time.

Step 7: Steps 4 and 5 can be summarized in one steg, where the 16
"intermediate® states are NOT computed. Instead the 6 _equations
of step 5 are computed directly from the 6 x 6 = 36 table entries
of the transitivity table. Example:

05 = B1D2 + B1A2 + B10I2 + 0102 + 01D2 + 010I2 + 01Cl + D102 +
D1C2 + AlB2 + OI1B2 + OI102 + C1B2 + C102 + Clp2

Step 8: depending on the available technol for the dedicated
VLSI hardware, the first scheme (steps 4 and 5) or the second
scheme {step 7) may be more suitable for implementation. From the
structure of the above equations it is clear that the equations
can be easily simplified by application of the laws of lean
algebra. (This can be advantageously done under consideration of
a certain VLSI technologg) . However, this tends to be a special
procedure for a certain technology and will not be shown here.

7. Example 2: Thirteen-Valued Temporal Logic (Allen's logic)

In Artificial Intelligence literature, Allen's thirteen-valued
mlitative tex;goral logic is a well-known example of time logic
e

len 1983}. . thirteen values of this logic are:
forward relation inverse relation
b (before) a (after)
d (during) ¢ (contains)
o (overlaps) ol (overlapped-by)
m (meets) mi (met-by?
s (starts) si (started-bg)
f (finishes) fi (finished-by)
e (equals) e (equals)

To distinguish from the relations of example 1, small letters are
used. Conceptually, the relations are the same as in the six-
valued logic of example 1, except that: relations "before®™ and
*after” are subdivided into Allen's before, meets resp. after,
met-by; and relations "during” and "contains™ are subdivided into
Allen‘s during, starts, finishes resp. contains, started-by,
finished-by; and a relation eaquals is added.

Pictoral examples:

{1a) before: X (b)Y : XXX YYY
(2) meets: X (b) Y : XXXYYY
" (3) during: X(d) Y : XXX
YYYYY
(4) starts: X (d) Y : XX
YYYYY
{(5) finishes: Xy : XXX
YYYYY
PFH
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(6) overlaps: X (o) Y : XX
YYY
{(7) after: X (a) Y : YIY XXX
(8) met-by: X (a) Y : YIIXXX
(9) contains: XYy : Yy
XXX
{(10) started-by: X))y : WY
XAXXX
(11) finshed-by: X({c)Yy : YYY
ANXX
(12) overlapped-by: X (o) Y ¢ YYY
X
(13) equals: X(e) Y : XX
Yy

The procedure for translating this logic into boolean equations
and therefrom into a TIU is similar to example 1. The same steps
can be ide_ntiﬁed_: :

Step 1: The trahsitivitg table of this thirteen-valued logic is
documented in [Allen 1983, p. 834) and is reprinted in the
appendix. (The ta_ble is a matrix of 13 rows and 13 columns).

[Note: let T = (a',b,C,d,e'f,fi'm,miyo,oi,s'si)].

Step 2: ~- cf. example 1 --

Step 3: Again, the transitivity table can be set gg by
systematically examining each simple combination of Rl and RZ2. By
analysis of Allen's transitivity table, one finds that there are
exactly 27 compound or simple relations as instances of R3.
Again, in the context of this example, we call each of these 27
relations a “state".

Step 4: It is possible to specify a set of boolean e ations for
each of the 27 states, similar to example 1. For brevity, we give
only two examples:

(c,d,e,£,£i,0,0i,8,51)5 = oilo2 + oloi2 + cld2
(c,0i,81)S = filmi2 + filoi2 + oilfiZ + olmi2 + c1f2 + clmi2 + cloi2

The remaining 25 equations can easily be determined in a similar
manner.

Step 5: By mapping the 27 states upon the simple 13 relations b
a, d, ¢, o, oi, m, mi, s, si, f, fi, we receive another 13
equations. For brevity, we give only one example:

(c)S = (c,oi,si)s + (¢, fi,0)s + (c)S + (°:°i'd13'frCJSilfile)s +
(a,c,mi,0i,si)S + (b,c, £i,m0)5 + TS

g
3

|
PFH g



Step 6: Now, a compound relation between two intervals can be
repgesented as a 13-g§t word, when we assign the first bit to Bl
or B2, the second bit to Al or A2, etc., according to the
enumeration sequence prescribed by Allen's trans%tlvitx table;
E.g.: (A (B,C) B) & (B (C,0I) C) yields the words 0101000000000
for R1 and *0001010000000* for R2. By realizing the above boolean
equations in hardware, we receive a hardware fransitivity table
(the TIU). The TIU of this particular, thirteen-valued logic has
two input words of 13 bits and one output word of 13 bits. The
union of simple relations (as described in step 2) is rformed
by the drafted hardware in parallel, that is, in constant time.

Step 7: Steps 4 and 5 can be summarized in one step, where the 27
" intermediate” states are NOT computed. Instead the 13 equations
of step 5 are computed directly from the-13 x 13 = 169 table
entries of the transitivity table. Example:

(f) = elf2 + fi1f2 + fle2 + f1£fi2 + f1£f2 + sild2 + sloi2 + mils2
+ milo2 + mild2 + mlmi2 + oils2 + oilo2 + o0ild2 + oloi2
+ cld2 + dlsi2 + dloi2 + dic2 + als2 + alm2 + alo2 + als2
+ alb2 + bla2

Step 8: -- cf. example 1 -~

Appendix : in the appendix to this paper, the complete set of
boolean equations for Allen's temporal logb: is given. A “system
1" describes step 7, a “system 2" describes

steps 4 and 5.
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Appendix A:

Transitivity table for Allen’s
thirteen-valued temporal logic
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Br2C < > d di ) oi m mi 3 s t fi
ArB
*before” < no <o < < <o < <0 < < <o <
< info I md md md md
s 5 5 s
“after” no > > ol > > oi > > of > > ol > > >
> info mid mid mid mid
{ f f {
“during™ < > d n | <o | >0 | < > d > ol d <o
d info | md | mid mid md
s 1 { s
*contains" <o >0i |oo0i di odi |oldi | odi ] oidi | difi di di si di
di mdi| dimi | dur fi si fi 8i ] ol
fi sl con .
“overiaps” < | >0 [ o <o} < foo’f < bok] o b | d <
o dm | d [ mdi| o | duw g | fi s o
si s fi m con si o o m
“over- <o} > oi >oi | oot | > ) > oi oi oi oi
lapped-by" mdi d fmidif dur | ol di d > di
oi fi { si con mi fi { mi si
“meets” < > ol o < < o < f m m d <
m midi d d fi [
si s [y = o
“met-by" <o > oi > ol > s > d > mi mi
mi m di d d si {
fi 1 { = oi
“starts”’ < > d <0 | <o ol < mi s ssi d <m
s mdi m df = o
fi
“stafled by" | <o | > oi di o oi o mi | ssi si oi di
si mdi ai difi difi =
ﬁ .
“finishes” < > d > oi o >0l m > d > oi { ifi
f midi d mi mi =
si s
“finished>by" | < | >0i | o di ) oi m |sioi| o di 1] fi
fi , mi di d di si di =
si S
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Appendix B:
"System 1" of Example 2

(Note: & is logical AND,
# 1s logical OR)
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| ) BEFORE ( BEFORE1 & BEFORE2 ) #
( BEFORE1 & AFTERZ ) #
( BEFORE1 & DURING2 ) ¢
| { BEFORE1 & CONTAINS2 ) ¢
( BEFORE1 & OVERLAPS2 ) #
( BEFOREl & OVERLAPPED-BY2 ) #
( BEFORE1 & MEETS2 ) 4
| ( BEFORE1 & MET-BY2 ) #
{ BEFORE1 & STARTS2 ) ¢
( BEFORE1 & STARTED-BY2 ) #
( BEFORE1 & FINISHES2 ) ¢
( BEFOREl & FINISHED-BY2 ) ¢
( BEFOREl & EQUALS2 ) ¢
( AFTER1 & BEFORE2 ) #
( DURING1 & BEFORE2 ) #
( DURING1 & CONTAINS2 ) ¢
( DURING1 & OVERLAPS2 ) #
( DURINGL & MEETS2 ) #
( DURING! & FINISHED-BY2 ) #
( CONTAINS] & BEFORE2 ) ¢
( OVERLAPS]1 & BEFORE2 ) ¢
( OVERLAPS] & CONTAINS2 ) #
( OVERLAPSI' & OVERLAPS2 ) ¢
( OVERLAPS) & MEETSZ ) #
( OVERLAPS1 & FINISHED-BY2 ) ¢
( OVERLAPPED-BY1 & BEFORE2 ) #
( MEETS1 & BEFORE2 ) #
( MEETS1 & CONTAINS2 ) ¢
( MEETS1 & OVERLAPS2 ) ¢
( MEETS1%& MEETS2 ) #
( MEETS1 & FINISHED-BYZ ) #
( MET-BY1 & BEFORE2 ) ¢
( STARTS1 ¢ BEFORE2 ) ¢
( STARTS1 ¢ CONTAINS2 ) 4
( STARTS1 ¢ OVERLAPS2 ) ¢
( STARTS1 ¢ MEETS2 ) #§
( STARTS1 ¢ FINISHED-BY2 ) ¢
( STARTED-BY1 ¢ BEFORE2 ) #
( FINISHES] ¢ BEFORE2 ) ¢
( FINISHED-BY1 & BEFORE2 ) #
( EQUALS1 & BEFORE2 ) ;
AFTER =
( BEFORE1 ¢ AFTER2 ) #
( AFTER] & BEFORE2 ) ¢
( AFTER] & AFTER2 ) ¢
( AFTER] & DURING2 ) ¢
( AFTER1 § CONTAINS2 ) ¢
( AFTER1 & OVERLAPS2 ) ¢
( AFTER]l &  OVERLAPPED-BY? ) ¢
( AFTER] & MEETS2 )
( AFTER] & MET-BY2 )
( AFTER1 & STARTS2 )
( AFTER1 ¢ STARTED-BY2 ) §
{ AFTER] & FINISHES2 ) 4
( AFTER1 & FINISHED-BY?2 ) 3
( AFTER1 g EQUALS2 ) ¢
( DURINGI ¢ AFTER2 ) $
( DURING1 § CONTAINS2 ) #
( DURING] ¢ OVERLAPPED-BY2 ) §
( DURING? & MET-BY2 ) %
PFH ( DURING] ¢ STARTED-BY2 ) §
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OVERLAPS1 & AFTER2 ) #
OVERLAPPED-BY! & AFTER2
OVERLAPPED-BY1 & CONTAINS2
OVERLAPPED-BYl & OVERLAPPED-BY2
OVERLAPPED-BY! & MET-BY2
OVERLAPPED-BY1 & STARTED-BY2
MEETS1 & AFTER2 ) ¢
MET-BY1 & AFTER2 ) #
MET-BY1 & CONTAINS2 ) #
MET-BYl & OVERLAPPED-BY2 ) #
MET-BY1 & MET-BY2 ) #
MET-BY1 & STARTED-BY2 ) #
STARTS1 & AFTER2 ) ¢
STARTED-BY1 & AFTER2 )
FINISHES1 & AFTER2 ) #
FINISHES1 & CONTAINS2 ) #
FINISHES1 & OVERLAPPED-BY2 ) #
FINISHES1 & MET-BY2 ) #
FINISHES1 & STARTED-BY2 ) #
FINISHED-BY1 & AFTER2 )
EQUALS1 & AFTER2 ) ;
BEFOREL & AFTER2 ) #
BEFORE1 & DURING2 ) #
BEFOREl & OVERLAPPED-BY2 ) #
BEFORE1 & MET-BY2 ) #
BEFOREL & FINISHES2 ) #
AFTER1 & BEFORE2 ) #
AFTER] & DURING2 ) #
AFTER] & OVERLAPS2 ) 4
AFTER1 & MEETS2 ) 4
AFTER] & STARTS2 ) #
DURING] & DURING2 ) #
DURING1 & CONTAINS2 ) ¢
DURING1 & OVERLAPS2 ) #
DURING]l & OVERLAPPED-BY2 ) #
DURING1 & STARTS2 ) #
DURING] & STARTED-BY2 ) #
DURING1 & FINISHES2 ) #
DURING] & FINISHED-BY2 ) #
DURING! & EQUALS2 ) #
CONTAINS1 & DURING2 ) #
OVERLAPS1 & DURING2 ) #
OVERLAPS]1 & OVERLAPPED-BY2 ) #
OVERLAPS1 & FINISHES2 ) #
OVERLAPPED-BY1 & DURING2
OVERLAPPED-BY1 & OVERLAPS2
OVERLAPPED-BY1 & STARTS2
MEETS1 & DURING2 )
MEETS1 & OVERLAPPED-BY2 ) 4
MEETS1 & FINISHES2 ) ¢
MET-BY1 & DURING2 ) #
MET-BY1 & OVERLAPS2 ) #
MET-BY1 & STARTS2 ) #
STARTS1 & DURING2 )} #
STARTS]l & OVERLAPPED-BY2 ) #
STARTS1 & FINISHES2 ) #
STARTED-BY1 & DURING2 )
FINISHES1 & DURING2 ) #
FINISHES! & OVERLAPSZ ) 4
FINISHES1 & STARTS2 ) #
FINISHED-BY1 & DURING2 )
EQUALS] & DURING2 ) ;

e ot N et

#

)
)
)

#

N N

#
#
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BEFOREl & AFTER2 ) 4
AFTERL & BEFORE2 ) 4
DURING1 & CONTAINS2 ) §
CONTAINS1 & BEFORE2 ) #
CONTAINS1 ¢ AFTER2 ) #
CONTAINS] & DURING2 ) #
CONTAINS1 & CONTAINS2 ) ¢
CONTAINS1 & OVERLAPS2 ) #
CONTAINS1 & OVERLAPPED-BY2 ) #
CONTAINS1 & MEETS2 ) #
CONTAINS1 & MET-BY2 ) 4
CONTAINSL & STARTS2 ) {
CONTAINS1 & STARTED-BY2 ) #
CONTAINS1 & FINISHES2 ) #
CONTAINS1 & FINISHED-BY2 ) #
CONTAINS1 & EQUALS2 ) #
OVERLAPS1 & AFTER2 ) ¢
OVERLAPS1 & CONTAINS2 ) 4
QVERLAPS1 &  OVERLAPPED-BY2 ) 4
OVERLAPS1 & MET-BY2 ) 4
OVERLAPS1 & STARTED-BY2 ) #
OVERLAPPED-BY1 & BEFORE2
OVERLAPPED-BY1 & CONTAINS2
OVERLARPED-BY1 & OVERLAPS2
OVERLAPPED-BY1 & MEETS2
OVEREAPPED-BY1 & FINISHED-BY2
MEETS1 & AFTER2 ) #
MET-BY1 & BEFORE2 ) #
STARTSI & CONTAINS2 ) #
STARTED-BY1 & BEFORE2 )
STARTED-BY1 & CONTAINS2 )
STARTED-BY1 & OVERLAPS2 )
STARTED-BY1 & MEETS2 )
STARTED-BY1 & FINISHED-BY2 )
FINISHES1 & CONTAINS2 )

FINISHED<BY1
FINISHED-BY1
FINISHED-BY1
FINISHED~BY1

a2 a3 a3 o0 4]

#

AFTER2 )
CONTAINS2 )
)

)

)

OVERLAPPED-BY2

MET-BY2

FINISHED-BY1 STARTED-BY2
EQUALS]1 & CONTAINS2 ) ;
BEFORE1 & AFTER2 ) #
BEFOREL & DURING2 ) #
BEFORE1 & OVERLAPPED-BYZ2 ) #
BEFOREI & MET-BY2 ) #
BEFOREL & FINISHES2 ) #
AFTER1 & BEFOREZ2 ) #
DURING1 & CONTAINS2 ) #
DURING1 ¢ OVERLAPS2 ) #
DURING1 & FINISHED-BY2 ) ¢
CONTAINS! & BEFOREZ2 )
CONTAINS1 & DURING2 )
CONTAINSI ¢ OVERLAPS2 )
CONTAINS1 & MEETS2 )
CONTAINS1 & STARTS2 )
OVERLAPS1 ¢ DURING2 )
OVERLAPS1 & CONTAINS2 )
OVERLAPS1 ¢ OVERLAPS2 )
OVERLAPS1 ¢ OVERLAPPED-BY2 )
OVERLAPS1 ¢ STARTS2 )

L A R B X R K B X %

N wiie M S W
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OVERLAPPED-BY =

PFH
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OVERLAPS1
OVERLAPS1
OVERLAPS1
OVERLAPS1

L-aB - o B o B o

FINISHES] &
FINISHES1 &
FINISHES1 &
FINISHED-BY1l &
FINISHED-BY1 &
FINISHED-BY1 &

STARTED-BY2 ) #
FINISHES2 )
FINISHED-BY2 ) #
EQUALS2 ) §

OVERLAPPED-BY1 & BEFORE2 )
OVERLAPPED-BY1 & OVERLAPSZ )
OVERLAPPED-BY1 & ° MEETS2 )
MEETS1 & DURING2 ) #
MEETS1 & OVERLAPPED-BY2 ) §
MEETS1 & FINISHES2 ) #
MET-BY1l & BEFORE2 ) #
STARTS1 & CONTAINS2 ) #
STARTS1 & OVERLAPS2 ) #
STARTS1 & FINISHED-BY2 ) #
STARTED~-BYl & BEFORE2 ) #
STARTED-BY1 & OVERLAPS2 ) #
STARTED-BY1 & MEETS2 ) #
FINISHES1 & OVERLAPS2 ) #
FINISHED-BY1l & DURING2 ) #
"FINISHED-BYl & OVERLAPS2 ) #
FINISHED-BY1l & STARTS2 ) #
EQUALS] & OVERLAPSZ ) ;
BEFORE1 & AFTER2 ) #
AFTER1 & BEFORE2 ) #
AETERI & DURING2 ) #
AFTER1 & OVERLAPS2 ) #
AFTER] & MEETS2 )
AFTER] & STARTS2 ) #
DURINGLl & CONTAINS2 ) #
DURINGI & OVERLAPPED-BY2 ) #
DURINGL & STARTED-BY2 ) #
CONTAINS] & AFTER2 ) #
CONTAINS1 & DURING2 )
CONTAINS1 & OVERLAPPED-BY2 ) #
CONTAINS1 & MET-BY2 ) #
CONTAINS] & FINISHES2 ) #
OVERLAPS1 & AFTER2 ) ¢
OVERLAPS1 & OVERLAPPED-BY2 ) #
OVERLAPS] & MET-BY2 ) #
OVERLAPPED-BY1 & DURING2 )
OVERLAPPED-BY1 & CONTAINS2 )
OVERLAPPED-BY1 & OVERLAPS2 )
OVERLAPPED-BY1 & OVERLAPPED-BY2 )
OVERLAPPED-BY1 & STARTS2 )
OVERLAPPED-BY1 & STARTED-BY2 )
OVERLAPPED-BY1 & FINISHES2 )
OVERLAPPED-BY1 & FINISHED-BY2Z )
OVERLAPPED-BY1 & EQUALSZ2 )
MEETS1 & AFTER2 ) #
MET-BYl & DURING2 } #
MET-BY1l & OVERLAPS2 )} #
MET-BY1l & STARTS2 ) #
STARTS1 & OVERLAPPED-BY2 ) #
STARTED-BYl & DURING2 ) #
STARTED-BY1l & OVERLAPPED-BY2 } #
STARTED-BY1 & FINISHESZ ) #

CONTAINS2 ) #

OVERLAPPED-BY2 ) #

STARTED-BY2 ) ¢
AFTER2 ) #
OVERLAPPED-BY2 ) #
MET-BY2 ) #

i e wbix

TP Y )




MET-BY =

STARTS =

PFH
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EQUALS1 & ~ OVERLAPPED-BY2 ) ;
BEFOREL & AFTER2 ) #
BEFORE1 & DURING2 ) #
BEFORE1 & OVERLAPPED-BY2 ) #
BEFOREL & MET-BY2 ) #
BEFORE1 & FINISHES2 ) #
AFTER1 & BEFORE2 ) 4
DURING1 & CONTAINS2 ) 4
DURING1 & OVERLAPS2 ) #
DURING1 & FINISHED-BY2 ) #
CONTAINS] & BEFORE2 ) 4
OVERLAPS1 & CONTAINS2 ) #
OVERLAPS1 & OVERLAPS2 ) +#
OVERLAPS1 & FINISHED-BY2 ) #
OVERLAPPED-BY1 & BEFORE2 )
MEETS1 & STARTS2 ) #
MEETS1 & STARTED-BY2 ) #
MEETS! & EQUALS2 ) #
MET-BY1 & BEFORE2 ) #
STARTS1 & CONTAINS2 ) #

- STARTSI & OVERLAPS2 ) 4
STARTSY & FINISHED-BY2 ) #
STARTED-BY1 & BEFORE2 ) #
FINISHES1 & MEETS2 ) #
FINISHED-BY1 & MEETS2 ) #
EQUALS1 & MEETS2 ) ;

' BEFOREL & AFTER2 ) #
AFTERL & BEFORE2 )
AFTERL & DURING2 ) #
AFTER1 & OVERLAPS2 ) #
AFTERL & MEETS2 ) #
AFTER1 & STARTS2 ) #
DURINGL & CONTAINS2 ) #
DURINGl & OVERLAPPED-BY2 ) #
DURING1 & STARTED-BY2 ) #
CONTAINS] & AFTER2 ) ¢
OVERLAPS1 & AFTER2 ) ¢
OVERLAPPED-BY1 & CONTAINS2 )
OVERLAPPED-BY1 & OVERLAPPED-BY2 )
OVERLAPPED-BY1 & STARTED-BY2 )
MEETS1 & AFTER2 ) ¢
MET-BY1 & FINISHES2 ) 4
MET-BY1 & FINISHED-BY2 ) #
MET-BY1 & EQUALS2 ) §
STARTS1 & MET-BY2 ) #
STARTED-BY1 & MET-BY2 ) #
FINISHES] & CONTAINS2 ) 4
FINISHES1 & OVERLAPPED-BY2 ) ¢
FINISHES] & STARTED-BY2 ) ¢
FINISHED-BY1 & AFTER2 ) ¢
EQUALS1 & MET-BY2 ) ;
BEFORE1 & AFTER2 ) #
BEFORE1 & DURING2 ) #
BEFOREl & OVERLAPPED-BY2 ) #
BEFORE1 & MET-BY2 ) #
BEFORE1 & FINISHES2 ) #
AFTER1 & BEFORE2 ) #
DURING] § CONTAINS2 ) ¢

]
L
]
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STARTED-BY =

AAAAAAAAA”AAAAAAAAAAAA’\’\A

FINISHES
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DURING1 & OVERLAPS2 ) 1
DURING1 & FINISHED-BY2 )
CONTAINS1 & DURING2 )
OVERLAPS1 & DURING2 ) #
OVERLAPS1 & OVERLAPPED-BY2 ) #
OVERLAPS1 & FINISHES2 ) 4
OVERLAPPED-BY1 & OVERLAPS?2
MEETS1 & DURING2 ) ¢
MEETS1 & OVERLAPPED-BY2 ) #
MEETS1 & FINISHES2 ) #
MET-BY1 & MEETS2 ) #
STARTS1 & STARTS2 ) #
STARTS1 & STARTED-BY2 )
STARTS1 & EQUALS2 ) #
STARTED-BY1 & STARTS2 )
FINISHES]l & OVERLAPS2 ) #
FINISHED-BY1 & DURING2 )
EQUALS1 & STARTS2 )
BEFORE1 & AFTER2 ) #
AFTER1 & BEFORE2 ) #
DURING1 & CONTAINS2 ) #
CONTAINSL & AFTER2 ) #
CONTAINS1 & DURING2 ) #
CONTAINS1 & OVERLAPPED-BY2 ) #
CONTAINS1 & MET-BY2 ) #
CONTAINS1 & FINISHES2 ) #
OVERLAPS1 & AFTER2 ) #
OVERLAPS1 & OVERLAPPED-BY2 ) #
OVERLAPS1 & MET-BY2 ) ¢
OVERLAPPED-BY1 & CONTAINS2
OVERLAPPED-BY1 & OVERLAPS2
OVERLAPPED-BY1 & FINISHED-BY2
MEETS1 & AFTER2 ) #
MET-BY1 & MEETS2 ) #
STARTS1 & STARTED-BY2 ) #
STARTED-BY1 & STARTS2 )
STARTED-BY1 & STARTED-BY2 )
STARTED-BY1 & EQUALS2 )
FINISHES1 & CONTAINS2 ) #
FINISHED-BY1 & AFTER2 )
FINISHED-BYl &  OVERLAPPED-BY2 )
FINISHED-BY1l & MET-BY2 )
EQUALS1 & STARTED-BY2 ) ;
BEFORE1 & AFTER2 ) ¢
AFTER1 & BEFORE2 ) ¢#
AFTER1 & DURING2 ) #
AFTER1 & OVERLAPS2 ) ¢
AFTER1 & MEETS2 ) #
AFTER1 & STARTS2 ) #
DURING1 & CONTAINS2 ) #
DURINGL &  OVERLAPPED-BY2 ) §
DURING1 & STARTED-BY2 ) #
CONTAINS1 & DURING2 ) #
"OVERLAPS1 & OVERLAPPED-BY2 ) #
OVERLAPPED-BY1 & DURING2
OVERLAPPED~BY1 & OVERLAPS2
OVERLAPPED-BY1l & STARTS2
MEETS1 & MET-BY2 ) #
MET-BY1 & DURING2 ) #
MET-BY1 & OVERLAPS2 ) #
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) 4
) 4
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MET-BY1 & STARTS2 )
STARTS1 & OVERLAPPED-BY2 ) #
STARTED-BY1 & DURING2 ) 4
FINISHES1 & FINISHES2 ) #
FINISHES1 & FINISHED-BY2 ) #
FINISHES1 & EQUALS2 ) #
FINISHED-BY1 & FINISHES2 )
EQUALS1 & FINISHES2 ) ;
BEFOREl & AFTER2 ) #
AFTER] & BEFORE2 ) #
DURING1 & CONTAINS2 ) #
CONTAINS1 & BEFORE2 ) #
CONTAINS1 & DURING2 ) #
CONTAINS1 & OVERLAPS2 ) 4
CONTAINSL & MEETS2 ) #
CONTAINS1 & STARTS2 ) #
OVERLAPS1 & CONTAINS2 ) #
OVERLAPS1 & OVERLAPPED-BY2 ) #
OVERLAPS1 & STARTED-BY2 ) #
OVERLAPPED-BY1 & BEFORE2 )
OVERLAPPED-BY1 & OVERLAPS2 )
OVERLAPPED-BY1 & MEETS2 )
MEETS1 & MET-BY2 ) #
MET-BY1 § BEFORE2 ) #
STARTS1 & CONTAINS2 ) #
STARTED-BY1 & BEFORE2 ) ¢
STARTED-BY1 & OVERLAPS2 ) #
STARTED-BY1 & MEETS2 ) #
FINISHES1 & FINISHED~BY2 ) #
FINISHED-BY1 & FINISHES2 )
FINISHED-BY1 & FINISHED-BY2 )
FINISHED-BY1 & EQUALS2 )
EQUALS1 & FINISHED-BY2 ) ;
BEFOREl & AFTER2 ) #
AFTER] & BEFORE2 ) #
DURINGl & CONTAINS2 ) #
CONTAINS1 & DURING2 ) #
OVERLAPS1 & OVERLAPPED-BY2 ) #
OVERLAPPED-BY1 & OVERLAPS2 )
MEETS1 & MET-BY2 ) #
MET-BY1 & MEETS2 ) #
STARTS1 & STARTED-BY2 ) #
STARTED-BY1 & STARTS2 ) #

#
#

N W

$



Appendix C:

"System 2" of Example 2

(Note: & is logical AND,
# is logical OR)
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| ’ STATELl =

STATEZ =
i
STATE3 =
STATE4 =
PFH
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BEFORE1 & BEFORE2 ) 4
BEFORE1 & CONTAINS2 ) #
BEFOREL & OVERLAPS2 ) #
BEFOREL & MEETS2 ) #
BEFORE1 & STARTS2 ) #
BEFORE1 & STARTED-BY2 ) #
BEFORE1 & FINISHED-BY2 ) #
BEFORE1 & EQUALS2 ) #
DURINGL & BEFORE2 ) #
DURING1 & MEETS2 ) ¢
OVERLAPS1 & BEFORE2 ) #
OVERLAPS1 & MEETS2 ) #
MEETS1 & BEFORE2 ) #
MEETS1 & CONTAINS2 ) #
MEETS1 & OVERLAPS2 ) #
MEETS1 & MEETS2 ) #
MEETS1 & FINISHED-BY2 ) #
STARTS1 & BEFORE2 ) #
STARTS1 & MEETSZ ) ¢#
FINISHES1 & BEFORE2 ) #
FINISHED-BY1 & BEFORE2 )
EQUALS1 & BEFORE2 ) ;
AFTERL & AFTERZ ) #
AFTERY & CONTAINSZ ) #
AFTERl & OVERLAPPED-BYZ ) #
AFTERL & MET-BY2 ) #
AFTERL & STARTED-BYZ ) #
AETERE & FINISHESZ ) #
AETERL. & FINISHED-BY2 ) - #
APTER! & EQUALS2 ) ¢
DURINGL & AFTER2 ) #
DURINGL & MET-BY2 ) #
OVERLAPPED-BY1 & AFTER2 )
OVERLAPPED-BY1 & MET-BY2 )
MET-BY1 & AFTER2 ) #
MET-BY1 & CONTAINS2 ) #
MET-BYl & OVERLAPPED-BY2 ) #
MET-B¥1 & MET-BY2 ) #
MET-BY1 & STARTED-BY2 ) #
STARTS! & AFTER2 ) #
STARTED-BY1 & AFTER2 ) #
FINISHES] & AFTER2 ) #
FINISHES] & MET-BY2 ) #
EQUALS1 & AFTER2 ) ;
DURINGL & DURING2 ) #
DURING1 & STARTS2 ) #
DURING1 & FINISHES2 ) #
DURING1 & EQUALS2 ) ¢
STARTS1 & DURING2 ) ¢
STARTSY & FINISHES2 ) ¢
FINISHES] & DURING2 ) #
FINISHES] & STARTS2 ) #
EQUALSY & DURING2 ) ;
CONTAINS1 & CONTAINS2 ) #
CONTAINS] & STARTED-BY2 ) #
CONTAINS] & FINISHED-BY2 ) #
CONTAINS] & EQUALS2 ) #

#

#
#



STARTED-BY1 & CONTAINS2 ) §

(

{ STARTED-BY1l & FINISHED-BY2 ) #§

( FINISHED-BY1 & CONTAINS2 ) #

{ FINISHED-BY1l & STARTED-BY2 ) ¢

( EQUALS] & CONTAINS2 ) ;
STATES =

{ OVERLAPS] & STARTS2 ) #

( OVERLAPS1 & EQUALS2 ) #

( FINISHED-BY1l & OVERLAPS2 ) #

( FINISHED-BY1 & STARTS2 ) #

( EQUALS] & OVERLAPS2 ) -
STATE6 =

( OVERLAPPED-BY1l & FINISHES2 )} #

( OVERLAPPED-BY1 & EQUALS2 ) #

{ STARTED-BY1l & OVERLAPPED-BY2 ) #

( STARTED-BYl & FINISHESZ ) #

( EQUALS] & OVERLAPPED-BY2 ) ;
STATE7T =

{ MEETS1 & STARTS2 ) ¢#

( MEETS]1 & STARTED-BY2 ) #

( MEETS1 & EQUALS2 ) #

{ PINISHES1 & MEETS2 ) #

( FINISHED-BY1 & MEETS2 ) #

( EQUALS1 & MEETS2 ) ;
STATES =

{ MET-BY1 & FINISHES2 ) #

{ MET-BY1 & FINISHED-BY2 ) #

{ MET-BY1 & EQUALS2 ) #

( STARTS1 & MET-BYZ ) #

( STARTED-BY1 & MET-BY2 ) #

( EQUALSY & MET-BY2 ) ;
STATEY =

{ STARTS1 & STARTS2 ) #

( STARTS1 & EQUALS2 ) #

( EQUALS1 & STARTSZ2 ) ;
STATEL0 =

( STARTED-BY1 & STARTED-BY2 ) #

( STARTED-BY1 & EQUALS2 ) #

{ EQUALS1 & STARTED-BYZ ) ;
STATELl =

( FINISHES] & FINISHESZ ) #

{ FINISHES1 & EQUALS2 ) #

( EQUALS1 & FINISHESZ2 )
STATEl1Z2 =

( FINISHED-BY1 & FINISHED-BY2 ) $

( FINISHED-BY1l & EQUALS2 ) #

( EQUALS1 & FINISHED-BY2 ) ;
STATEL3 = ( EQUALS1 & EQUALS2 ) ;
STATE14 ( BEFORE1 & AFTERZ | #

{ AFTER] & BEFORE2 ) #

PFH ( DURING1 & CONTAINS2 ) ;
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STATE1S

STATEl6

STATEl7

STATE18

STATE19

STATE20

STATEZ21

STATE22
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BEFORE1l & DURING2 ) #
BEFOREl & OVERLAPPED-BY2 ) #
BEFOREl & MET-BY2 ) #
BEFOREl & FINISHESZ2 ) #
DURINGl & OVERLAPSZ ) 4
DURINGL & FINISHED-BY2 ) ;
AFTER1 & DURING2 ) #
AFTER] & OVERLAPS2 ) #
AFTER]1 & MEETS2 ) #
AFTER1 & STARTS2 ) #
DURING1 & OVERLAPPED~-BYZ2 ) #
DURING1 & STARTED-BY2 ) ;

CONTAINS1 &
OVERLAPS1 &
OVERLAPPED-BY1 &
MET-BY1 &
STARTS1 &
STARTED-BY1 &

CONTAINS1 &
OVERLAPS1 &
OVERLAPPED-BY1 &
MEETS1 &
FINISHES1 &

- FINISHED-BY1 &

CONTAINS] &
OVERLAPS1 &
OVERLAPPED-BY1 &

CONTAINS] &
CONTAINS] &
CONTAINS1 &
OVERLAPS! &

OVERLAPPED-BY1l &

STARTED-BY1 &
STARTED-BY1 &

CONTAINSL &
CONTAINSL &
CONTAINS1 &
OVERLAPS1 &
OVERLAPPED-BY1 &
FINISHED-BY1 &

BEFOREZ ) #
CONTAINS2 ) #
BEFORE2 ) #
BEFORE2 ) #
CONTAINSZ ) #

BEFOREZ ) ;
AFTERZ ) #
AFTER? ) #

CONTAINS2 ) #
AFTER2 ) #
CONTAINS2 ) 4

AFTERZ2 ) ;

DURING2 ) #

OVERLAPPED-BY2 ) #

OVERLAPSZ2 ) ;

OVERLAPS2 ) #
MEETS2 ) #
STARTSZ ) #
STARTED-BY2 ) #

MEETS2 ) #
OVERLAPS2 ) #
MEETS2 ) ;

OVERLAPPED-BY2 )

#
MET-BY2 )} #
FINISHESZ ) #
MET-BY2 ) #
FINISHED-BY2 ) #
OVERLAPPED-BY2 ) #

FINISHED-BY1l & MET-BY2 ) ;
OVERLAPS1 & DURING2 ) #
OVERLAPS1 & FINISHES2 ) #
MEETS1 & DURING2 ) #
MEETS1 & OVERLAPPED-BY2 ) #
MEETS1 & FINISHES2 ) #
FINISHES1 & OVERLAPSZ ) #
FINISHED-BY1 & DURING2 )




STATE23

STATEZ4

STATE25

STATEZ26

STATEZ27

BEFORE

AFTER

DURING

CONTAINS

i

L]

OVERLAPS1 &
OVERLAPS1 &
STARTS1 &
STARTS1 & FI

~ o~

OVERLAPPED-BY1 &
OVERLAPPED-BY1 &
MET~BY1 &
MET-BY1 &
MET-BY1 &
STARTS1 &
STARTED-BY1 &

P R e e R e K I ]

OVERLAPPED-BY1 &
OVERLAPPED-BY1 &
FINISHESl &
FINISHES] &

o~ S~ P~

MEETS1 &
FINISHES] &
FINISHED-BY1 &

o~~~

MET-BY1 &
STARTS1 & S
STARTED~-BY1 &

—~ o~ o~

STATELl #
STATE14 #
STATE1S #
STATE17 #
STATE23 #
STATE28;

STATEZ #
STATE14 #
STATE16 #
STATE1S8 #
STATE25 #
STATEZ29;

STATE3 #

STATE14 #
STATE1S #
STATE16 #
STATE1S9 #
STATE22 #
STATE24 #
STATE28 #
STATE29;

STATE4 #
STATE1l4 #
STATE17 #
STATE18 #
STATE19 #

OVERLAPS2 ) #
FINISHED-BYZ ) #
OVERLAPS2 ) #

NISHED-BY2 ) ;

DURINGZ2 )

STARTS2 )
DURINGZ ) §
OVERLAPSZ2 ) #
STARTS2 ) #
¥

OVERLAPPED-BYZ2 )

DURING2 ) ;

OVERLAPPED-BY2 )
STARTED-BY2 )

OVERLAPPED-BYZ2 ) ¢

STARTED-BYZ ) ;

MET-BYZ ) #
FINISHED-BY2 ) #
FINISHES2 ) ;

MEETS2 ) #
TARTED-BY2 ) #
STARTSZ ) ;
PFH
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DT

STATE20 #
STATE21 #
STATE28 #
STATE29;

OVERLAPS

STATES #
STATE14
STATE1S5
STATE17
STATE19
STATE20
STATE22
STATE23
STATEZ28
STATE29;

L2 K R R B X 2 J

OVERLAPPED-BY =
STATE6 #
STATE14
STATE16
STATE18
STATE1S
STATE21
STATE24
STATE2S
STATE28
STATE29;

i aic e s e Wi Wi Wi

MEETS

STATE7 #
STATE1l4 #
STATE1S #
STATE17 #
STATE23 #
STATE28;

MET-BY

STATES #
STATE14 #
STATE16 #
STATE1S8 #
STATE25 #
STATE29;

i

STARTS
STATES #
STATE1l4
STATE15
STATE19
STATEZ22
STATE27
STATE23
STATE29;

W= i iz e e iz

STARTED-BY
; STATE10
STATE1l4
STATELS
STATEl9
STATE21
STATE27
STATEZ28
STATEZ29;

e i chx e e i T

PFH
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FINISHES

FINISHED-BY

EQUALS

it

]

STATE1l
STATE1l4
STATE16
STATE19
STATEZ24
STATE26
STATE28
STATE29;

prosgong ol L R R

STATE12
STATE1l4
STATELl?
STATE19
STATE20
STATE26
STATE28
STATE29;

e T L R R

STATE13 #
STATE14 §
STATE19 #
STATE26 #
STATE27 4
STATE28 #
STATE29;

PFH
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