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ABSTRACT 

S i m u l a t i o n rep resen ts a power fu l t o o l f o r reason ing 
about p o s s i b l e w o r l d s , and, more g e n e r a l l y , can be 
regarded as an impor tan t des ign a i d . The des ign of 
p h y s i c a l systems is o f t e n accompl ished by a c y c l e 
o f a c t i v i t i e s , i n c l u d i n g phases t h a t c o n s t r u c t 
models, t e s t the mode l ' s b e h a v i o r a l consequences by 
s i m u l a t i o n , d iagnose the causes f o r poor behav io r 
in terms of des ign weaknesses, and propose model 
changes. In t h i s paper we present an overv iew of 
ROSS, a domain- independent language fo r w r i t i n g 
s i m u l a t i o n s in a wide v a r i e t y of domains. ROSS has 
two d i s t i n c t components. F i r s t ROSS embeds a 
k e r n e l t h a t i s s u f f i c i e n t l y power fu l t o c rea te 
p rocedu ra l models of complex systems. Second, ROSS 
inc ludes impor tan t t o o l s t h a t a s s i s t the user a t 
s e v e r a l o t he r stages o f the des ign c y c l e ; 
s p e c i f i c a l l y , i n d iagnos ing system performance 
prob lems, and in p ropos ing i n t e l l i g e n t model 
changes. We show s p e c i f i c examples of how ROSS's 
m e t a - d e s c r i p t i o n c a p a b i l i t i e s enable i t t o p rov ide 
a f r i e n d l y des ign env i ronment . 

1 INTRODUCTION 

There are many s i t u a t i o n s in which one wants 
to unders tand the performance of a dynamic system 
w i t h o u t m a n i p u l a t i n g i t i n the r e a l w o r l d . Severa l 
c o n s i d e r a t i o n s might prompt t h i s . For example, the 
r e a l w o r l d " v e r s i o n " might per fo rm too s l o w l y 
( e . g . , an economic sys tem) , o r i t might y i e l d 
p o t e n t i a l l y d e v a s t a t i n g consequences ( e . g . , a 
nuc lea r r e a c t o r ) . In these and o the r cases one 
wants to be ab le to reason about how the systems 
would behave, not observe t h e i r behav io r . 
F r e q u e n t l y , however, i n t u i t i v e methods t h a t humans 
use f o r do ing such reason ing are i n a c c u r a t e , and 
mathemat ica l ( a n a l y t i c ) methods, though a c c u r a t e , 
are o f l i m i t e d v a l u e , s ince i t i s d i f f i c u l t t o 
cap tu re f o r m a l l y the c o m p l e x i t i e s of many dynamic 
systems. 

S i m u l a t i o n rep resen ts a p o t e n t i a l l y u s e f u l 
t o o l f o r reason ing about " p o s s i b l e wor lds ' t h a t 
avo ids the i m p r e c i s i o n o f i n t u i t i o n , a t the same 
t ime p r o v i d i n g a more power fu l fo rma l i sm than 
mathemat ics f o r model ing t a r g e t systems. More 
g e n e r a l l y , our view is t h a t s i m u l a t i o n can be 
regarded as an impor tan t des ign and in a wide 
v a r i e t y o f t a s k s . I f s i m u l a t i o n runs can be used 
to c o n v e n i e n t l y t e s t the b e h a v i o r a l p r o p e r t i e s o f a 
r e a l - w o r l d system, t h e n , i n s i t u a t i o n s where the 

s t r u c t u r a l c h a r a c t e r i s t i c s o f the system are 
u s e r - c o n t r o l l e d , the des igner can use t e s t 
i n f o r m a t i o n as a bas is f o r j u d g i n g and m o d i f y i n g 
the sys tem's s t r u c t u r e . I d e a l l y , a s e r i e s o f such 
genera te and t e s t cyc les shou ld converge on a 
system w i t h the d e s i r e d b e h a v i o r a l p r o p e r t i e s . We 
t h e r e f o r e see the des ign of many complex s t r u c t u r e s 
as an i t e r a t i v e process in which cand ida te designs 
are p roposed , t h e i r i m p l i c a t i o n s f o l l o w e d out v i a 
s i m u l a t i o n - - a form of l o o k a h e a d - - , and then 
m o d i f i e d on the bas is o f the r e s u l t s o f s i m u l a t i o n . 
Th is des ign c y c l e i s shown g r a p h i c a l l y i n F igu re 1 . 
The c y c l e is more than a h i g h - l e v e l d e s c r i p t i o n of 
the processes i n v o l v e d i n c r e a t i n g p h y s i c a l 
o b j e c t s , or programs. The development of economic 
f o r e c a s t s , m i l i t a r y s t r a t e g i e s , and s c i e n t i f i c 
t h e o r i e s can a l l be p r o f i t a b l y thought o f as des ign 
prob lems. 

In t h i s paper we d iscuss ROSS, a language f o r 
c o n s t r u c t i n g s i m u l a t i o n s o f s p e c i f i c systems i n 
p a r t i c u l a r domains. ROSS embodies a p rocedu ra l 
m o d e l l i n g approach to s i m u l a t i o n . By t h i s we mean 
t h a t the t o - b e - s i m u l a t e d system i s rep resen ted 
c o m p u t a t i o n a l l y as procedures t h a t are isomorphs of 
the f u n c t i o n a l components o f the r e a l w o r l d sys tem, 
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at a g i ven l e v e l of d e t a i l . The ROSS language 
p rov ides the user w i t h a r e p e r t o i r e of commands or 
b u i l d i n g b locks t h a t f a c i l i t a t e the c o n s t r u c t i o n o f 
p rocedu ra l models o f the t a r g e t system. U n l i k e 
most s i m u l a t i o n languages, ROSS h e a v i l y e x p l o i t s AI 
t e c h n i q u e s . We b e l i e v e t h a t i t s s e v e r a l AI 
h e r i t a g e s make i t s u p e r i o r t o o the r s i m u l a t i o n 
languages as a power fu l t o o l f o r system d e s i g n , as 
w e l l as f o r reason ing about o r t e s t i n g o f g i ven 
systems. 

11 DESIGN GOALS FOR ROSS 

Given our view t h a t s i m u l a t i o n is an impor tan t 
reason ing and des ign t o o l f o r complex, dynamic 
domains, we p laced s e v e r a l requ i rements on the ROSS 
language. 

1. The language p r i m i t i v e s must be domain 
independent . 

2. The language p r i m i t i v e s must be 
e x p r e s s i v e l y r i c h . 

3. The language must suppor t d e s i g n . 

4. The language must have user suppor ts t h a t 
make c o n s t r u c t i o n , or knowledge 
e n g i n e e r i n g s i m p l e . I n p a r t i c u l a r , the 
envi ronment must make i t easy to " t i n k e r " 
w i t h mode ls - - t o cons ide r o f a l t e r n a t e 
model d e s i g n s , and a l t e r n a t e model 
assumpt ions. 

5. The language must suppor t d i a g n o s i s . In 
o rder f o r users to employ a s i m u l a t i o n to 
reason about systems and t h e i r p o s s i b l e 
des igns they need to unders tand what 
aspects of a g i ven des ign are r e s p o n s i b l e 
f o r good and bad system per formances. 
Th is k i n d o f i n f e r e n c e i s o f t e n d i f f i c u l t , 
t h u s , we want to i n c l u d e in ROSS 
techn iques t h a t s i m p l i f y o r even automate 
t h i s p rocess . 

6. The language must be readab le . A language 
t h a t produces r e a d a b l e , E n g l i s h - l i k e , code-
y i e l d s s i m u l a t i o n s t h a t are s imp le t o 
comprehend, hence enhances v e r i f i c a t i o n , 
m o d i f i c a t i o n , and d i a g n o s i s . 

In summary, the ROSS language can be d i v i d e d i n t o 
two f u n c t i o n a l components. The f i r s t component, o r 
ROSS k e r n e l , comprises the p r i m i t i v e , domain 
independent ROSS commands by which users c o n s t r u c t 
p rocedu ra l models. We have aimed at making the 
k e r n e l as power fu l and as easy to comprehend as 
p o s s i b l e , t o f a c i l i t a t e the a c t i v i t i e s denoted b y 
the " D e f i n e " box in the des ign c y c l e . The second 
component c o n s i s t s o f a se t o f user o r i e n t e d a i d s . 
They are m e t a - s i m u l a t i o n t o o l s in the sense t h a t 
they do not d i r e c t l y i n v o l v e the c o n s t r u c t i o n o f 
p r o c e d u r a l models , bu t are c r i t i c a l i n f a c i l i t a t i n g 
the " E v a l u a t i o n " , " I n f e r e n c e " , and " P r o p o s a l " , 
phases of the des ign c y c l e which embeds s i m u l a t i o n 
as a p a r t . Thus, ROSS is best though t of b r o a d l y 
as a d e s i g n / i n f e r e n c e language r a t h e r than na r row l y 
as a s i m u l a t i o n language. 

I l l AN OVERVIEW OF ROSS 

In deve lop ing ROSS we have pursued s e v e r a l 
complementary paths towards the goa l of b u i l d i n g a 
good des ign env i ronment . These i n c l u d e : 

1. The development of an o b j e c t - o r i e n t e d 
k e r n e l programming language w i t h p o w e r f u l 
commands f o r c r e a t i n g and m a n i p u l a t i n g 
o b j e c t s t h a t r ep resen t system components. 

2. The development of an " E n g l i s h " f r o n t - e n d 
f o r the language. Th is enables the user 
to en te r commands as n a t u r a l , readab le 
s ta tements wh ich are then i n v i s i b l y parsed 
i n t o execu tab le L I S P - l i k e forms. 

3 . The development of techn iques to 
f a c i l i t a t e and improve the q u a l i t y o f user 
des ign changes, most n o t a b l y 
s e l f - d e s c r i p t i o n . S e l f - d e s c r i p t i o n s 
o f f e r e d by a s i m u l a t i o n o b j e c t y i e l d a 
p r e c i s e idea o f what the o b j e c t does, thus 
f o c u s i n g any des ign m o d i f i c a t i o n s . 

4 . P a r t i a l l y automated f a c i l i t i e s f o r 
a n a l y s i s and summary of s i m u l a t i o n 
r e s u l t s . ROSS embeds seve ra l o b j e c t s t h a t 
do not p r o c e d u r a l l y model system 
components bu t i n s t e a d are m e t a - s i m u l a t i o n 
a c t o r s t h a t mon i t o r s i m u l a t i o n a c t i v i t i e s , 
and reco rd r e s u l t s . These i n c l u d e an 
HISTORIAN, REPORTER and STATISTICIAN. 
They are n o r m a l l y i n v i s i b l e as they 
" l i s t e n " t o s i m u l a t i o n per fo rmance; the 
user does not need t o e x p l i c i t l y t e l l 
o t h e r o b j e c t s to send messages to them. 

5 . Automated a b s t r a c t i o n techn iques t h a t 
p r o v i d e h i gh l e v e l d e s c r i p t i o n s o f the 
d e t a i l e d events o f s i m u l a t i o n r u n s , making 
i t eas i e r t o see impo r tan t o v e r a l l 
per formance t r e n d s . 

6 . Graphic ou tpu t t h a t d i s c l o s e s 
mac ro - fea tu res o f s i m u l a t i o n per formance 
more r e a d i l y than numeric o r v e r b a l 
o u t p u t . We are a l s o a im ing towards 
g r a p h i c i n p u t f a c i l i t i e s t h a t w i l l a l l ow 
users t o a l t e r s i m u l a t i o n f e a t u r e s 
d y n a m i c a l l y . Graphics i s impo r tan t f o r 
des ign as w e l l as d i a g n o s i s . 

To deve lop and t e s t these s e v e r a l t o o l s , we 
have implemented a s p e c i f i c s i m u l a t i o n , in the 
domain o f s t r a t e g i c a i r - b a t t l e s . I n i t i a l r e s u l t s 
have been encourag ing . Using our i n i t i a l v e r s i o n 
of ROSS we have found i t r e l a t i v e l y s t r a i g h t f o r w a r d 
t o d i v i d e the domain i n t o d i s t i n c t c lasses o f 
concep tua l e n t i t i e s ( e . g . , p e n e t r a t o r s , f i g h t e r s , 
r a d a r s ) , and to s p e c i f y t h e i r behav io rs in a 
modular f a s h i o n . Our o b j e c t - o r i e n t e d approach has 
a l l owed us t o s i m u l a t e a t t h e l e v e l o f i n d i v i d u a l 
b a t t l e u n i t s , no t mere ly l a r g e , r e l a t i v e l y 
mean ing less , a g g r e g a t i o n s . On the o the r hand, t h i s 
l e v e l o f d e t a i l has no t p reven ted us from m o d e l l i n g 
l a r g e encounters (up to 300 o b j e c t s in a s i n g l e 
b a t t l e ) . A more d e t a i l e d d i s c u s s i o n o f the i n i t i a l 
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ROSS s i m u l a t i o n system can be found in [ 1 ] . (2 ] 
d i scusses of some of ROSS's a b s t r a c t i o n 
c a p a b i l i t i e s . In t h i s paper we focus on a few 
aspects of t he ROSS language t h a t f a c i l i t a t e the 
c o n s t r u c t i o n o f p rocedu ra l r e p r e s e n t a t i o n s o f 
complex systems, and t h a t make i t a u s e f u l t o o l f o r 
s imp ly and i n t e l l i g e n t l y p ropos ing des ign 
m o d i f i c a t i o n s . 

IV THE ROSS KERNEL: TOOLS FOR MODELING SYSTEMS. 

ROSS began as an ou tg rowth of the DIRECTOR 
language [ 3 ] . The language is an amalgam of 
o b j e c t - o r i e n t e d programming t echn iques , 
( e x e m p l i f i e d by SMALLTALK [ 4 ) , [ 5 ] , and the F lavo rs 
system ( 6 ) , as w e l l as and DIRECTOR), and 
f rame-based r e p r e s e n t a t i o n languages, such as FRL 
[ 7 ] , [ 8 ) . I n the s p i r i t o f o b j e c t - o r i e n t e d 
programming, we view the components of 
t o - b e - m o d e l l e d systems as a c t o r s or o b j e c t s , and 
t h e i r i n t e r a c t i o n s as message-passing. Each o b j e c t 
r e p r e s e n t i n g a system component has two aspec ts : 
memory and b e h a v i o r s . Memory comprises p r o p e r t i e s 
t h a t r e f e r t o the o b j e c t ' s s t a t i c s t a t e . A 
behav io r s p e c i f i e s how an o b j e c t is to respond to a 
p a r t i c u l a r t ype o f message. G e n e r a l l y , t h e n , t o 
c o n s t r u c t a s i m u l a t i o n in ROSS, a user must f i r s t 
c r e a t e an o b j e c t f o r each system component, d e f i n e 
i t s s t a t i c p r o p e r t i e s , and f i n a l l y g i ve i t s 
behav io rs by s t i p u l a t i n g the messages i t can 
p r o c e s s , and the a c t i o n s i t w i l l t ake i n response 
to each message t y p e . Once these s teps are 
accompl i shed , g e n e r a t i n g a s i m u l a t i o n is s imp ly a 
ma t te r o f i n t r o d u c i n g t r i g g e r i n g events i n t o the 
system. 

F i gu re 2 shows a ROSS command in which th ree 
o b j e c t s are be ing c rea ted by another 
( g e n e r i c - f i g h t e r ) , and s e v e r a l o f t h e i r 
memory-var iab les are be ing s e t . Th is is done by 
send ing a message to the o b j e c t t h a t s p e c i f i e s the 
t h i n g s it shou ld c r e a t e . F igu re 3 shows a ROSS 
command in which the same o b j e c t has a new behav ior 
d e f i n e d . Th is says t h a t when g e n e r i c - f i g h t e r 
r ece i ves a message match ing "A p e n e t r a t o r has 
en te red radar cove rage" , i t shou ld execute the 
computat ions f o l l o w i n g " d o " . Ac t i ons t y p i c a l l y 
i n v o l v e sending messages to o the r o b j e c t s . Thus an 
i n d e f i n i t e l y long " causa l c h a i n " o f ac t i ons may 
r e s u l t f rom a s i n g l e t r a n s m i s s i o n . Note t h a t 
behav io r d e f i n i t i o n , as o b j e c t c r e a t i o n , is done by 
message-passing. 

F igu re 3. A ROSS command fo r behav io r d e f i n i t i o n . 

There are seve ra l f e a t u r e s t h a t make the 
s p e c i f i c a t i o n o f o b j e c t s and behav io rs s i m p l e . 
F i r s t , ROSS commands have an E n g l i s h - l i k e q u a l i t y 
t ha t makes ROSS code s imple to read . Second, ROSS, 
as o the r o b j e c t - o r i e n t e d languages, encourages 
" e g o c e n t r i c " programming. That i s , you s p e c i f y 
o b j e c t behav io rs by say ing what you would do i f you 
were t h a t o b j e c t . More g e n e r a l l y , ROSS encourages 
a s t y l e o f programming t h a t i s n a t u r a l l y s u i t e d t o 
domains i n which t he re are m u l t i p l e i n t e r a c t i n g 
components or a c t o r s . ROSS takes an impor tan t 
des ign d e c i s i o n out of the u s e r ' s hands by 
r e q u i r i n g him to take system o b j e c t s as the bas ic 
u n i t o f r e p r e s e n t a t i o n . O f t e n , t h i s o r g a n i z a t i o n 
i s j u s t what i s needed, s ince in many domains i t i s 
best to f a c t o r s i m u l a t i o n knowledge in terms o f 
system components. 

T h i r d , ROSS p rov ides methods to avo id 
redundant behav io r s p e c i f i c a t i o n . O b j e c t - o r i e n t e d 
and frame languages both suppor t c l ass h i e r a r c h i e s . 
As F i gu re 2 i n d i c a t e s , ROSS makes a d i s t i n c t i o n 
between g e n e r i c o b j e c t s , l i k e g e n e r i c - f i g h t e r , and 
i ns tance o b j e c t s , l i k e f i g h t e r 2 . To run a s p e c i f i c 
s i m u l a t i o n one t y p i c a l l y must c rea te hundreds o f 
o b j e c t s . However, these o b j e c t s no rma l l y f a l l i n t o 
one or more of a few c l a s s e s , where a l l of the 
members of a c l ass are b e h a v i o r a l l y i d e n t i c a l . 
Class h i e r a r c h i e s e x p l o i t t h i s by a l l o w i n g the user 
t o a s s o c i a t e behav io rs w i t h the gene r i c o b j e c t , 
l e t t i n g each i n s t a n c e i n h e r i t those behav io rs as 
needed, w i t h o u t r e q u i r i n g ins tances t o e x p l i c i t l y 
c o n t a i n them. For example, in F i g u r e 3, a behav io r 
is be ing d e f i n e d f o r f i g h t e r s as a who le . ROSS 
ensures t h a t t h i s i s r e t r i e v e d when, say, f i g h t e r 2 
is passed the message " p e n e t r a t o r 2 3 has en te red 
your radar coverage" In a d d i t i o n , the c l ass 
s t r u c t u r e of ROSS o b j e c t s a l s o a l l ows en masse 
s p e c i f i c a t i o n o f i ns tance o b j e c t s , as demonstrated 
i n F igu re 2 . 

These f e a t u r e s make knowledge e n g i n e e r i n g in 
ROSS r e l a t i v e l y s t r a i g h t f o r w a r d . Given a new 
s i m u l a t i o n domain, one can beg in to c o n s t r u c t 
p r o c e d u r a l models in ROSS as soon as the bas ic 
component p a r t s of the system are known, and t h e i r 
behav io rs ca ta l ogued . Even i f many o b j e c t s need to 
be d e f i n e d , one can o f t e n accompl ish t h i s th rough a 
smal l number of commands, by e x p l o i t i n g gener i cs 
and i n h e r i t a n c e . Moreover, the E n g l i s h - l i k e 
c h a r a c t e r of ROSS commands makes the language easy 
to l e a r n , and a l l ows domain expe r t s who may be 
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programming nov ices t o p a r t i c i p a t e d i r e c t l y i n 
s i m u l a t i o n c o n s t r u c t i o n . The ROSS k e r n e l , 
t h e r e f o r e , p rov ides a f r i e n d l y envi ronment f o r 
system d e f i n i t i o n . We now focus on some ex tens ions 
o f t r a d i t i o n a l o b j e c t - o r i e n t e d programming concepts 
i n ROSS t h a t enable i t t o f u l f i l l s e v e r a l o t h e r o f 
the requ i rements f o r a good des ign t o o l . 

V THE ROSS ENVIRONMENT: NOVEL FEATURES. 

Severa l f ea tu res of ROSS are r e l a t i v e l y novel 
to o b j e c t - o r i e n t e d programming languages. These 
i n c l u d e : 

1 . F R L - l i k e frames f o r r e p r e s e n t i n g a c t o r s o r 
o b j e c t s . Among o the r t h i n g s , t h i s a l l ows 
the a s s o c i a t i o n of IF-ADDED and IF-CRANGED 
demons w i t h o b j e c t s . Th is i nsu res t h a t 
the a p p r o p r i a t e a l t e r a t i o n s t o dependent 
o b j e c t s occur a u t o m a t i c a l l y when an 
o b j e c t ' s memory or i t s behav io rs are 
changed. 

2 . M u l t i p l e i n h e r i t a n c e , wh ich enables an 
o b j e c t to have seve ra l gene r i c p a r e n t s . 
Severa l d i f f e r e n t pa ren ts e f f e c t i v e l y 
p r o v i d e m u l t i p l e views or p e r s p e c t i v e s on 
the same o b j e c t , where each view con ta i ns 
d i f f e r e n t k inds o f knowledge about the 
o b j e c t . PIE [9 ] [ 1 0 ] , and the MIT F l a v o r s 
system [ 6 ] , a l s o e x p l o i t m u l t i p l e 
i n h e r i t a n c e i n an o b j e c t - o r i e n t e d 
programming env i ronment . 

3. T r e a t i n g messages, message-pa t te rns , and 
a c t i o n s as o b j e c t s . 

For s e v e r a l reasons, we f e e l t h a t the most nove l 
and u s e f u l ex tens ion o f o b j e c t - o r i e n t e d programming 
i n v o l v e s the use of messages, message-pa t te rns , and 
a c t i o n s as o b j e c t s . B r o a d l y , t h i s has f a c i l i t a t e d 
language development by a l l o w i n g the r e p r e s e n t a t i o n 
of meta-knowledge of messages and a c t i o n s 
(knowledge about a c t i o n s and messages). As u s e r s , 
we know impor tan t t h i n g s about these e n t i t i e s - - h o w 
they shou ld be d i s p l a y e d , how v a l u a b l e they a r e , 
how much t ime they take to execu te , and so on . 
Impor tan t assessments o f t e n h inge on such 
knowledge, so by c r e a t i n g message and a c t i o n 
o b j e c t s t h a t embody t h i s e x p e r t i s e , we p r o v i d e 
a c t o r s t h a t can h e l p d e c i s i o n - m a k i n g . 

Below we p resen t a conc re te example 
demons t ra t i ng the va lue o f r e p r e s e n t i n g a c t i o n s as 
o b j e c t s in the des ign and a l t e r a t i o n o f system 
models. 

VI THE ROSS ENVIRONMENT: AN EXAMPLE OF DESIGN 
SUPPORT FEATURES. 

Severa l f e a t u r e s are impor tan t in good des ign 
change, and imp ly p r o p e r t i e s c r i t i c a l f o r a u s e f u l 
des ign env i ronment : 

1 . I n t e l l i g e n t a l t e r a t i o n o f des igns 
presupposes an unde rs tand ing of t he code 
be ing changed. When the t o - b e - a l t e r e d 
s t r u c t u r e is a p iece of code w r i t t e n by 

someone e l s e , i t may be d i f f i c u l t to 
comprehend in a few g lances . A language 
t h a t suppor ts des ign shou ld have 
f a c i l i t i e s f o r improv ing a u s e r ' s 
comprehension. 

2 . I n t e l l i g e n t a l t e r a t i o n o f des igns i m p l i e s 
sea rch ing a l i m i t e d space of p o s s i b l e 
changes. Incoherent changes shou ld never 
be c o n s i d e r e d , or shou ld be caught be fo re 
they become p a r t of an a l t e r e d system. A 
language t h a t suppor ts des ign shou ld be 
able to he lp the user de tec t bad changes, 
thus l i m i t i n g the search space o f the 
des ign prob lem. 

3 . I n t e l l i g e n t a l t e r a t i o n o f des igns a l l ows 
f o r b a c k t r a c k i n g . One is no rma l l y very 
r e l u c t a n t to change a good des ign i f i t 
w i l l b e d i f f i c u l t t o get back t o t h i s 
s t a t e . On the o the r hand, i t i s o f t e n 
impor tan t t o get beyond s a t i s f i c i n g 
des igns to n e a r l y per fec t , ones. Thus, to 
keep des ign q u a l i t y m o n o t o n i c a l l y 
i n c r e a s i n g over many changes, and to 
improve the q u a l i t y o f the f i n a l p r o d u c t , 
a des ign language should be ab le to 
remember o l d ve rs i ons (or more g e n e r a l l y 
r e t a i n a wo r l d l i n e ) of each of a u s e r ' s 
d e s i g n s . [ 9 ] |10] 

4 . I n t e l l i g e n t a l t e r a t i o n insu res cons i s tency 
of changes. The comp lex i t y and q u a l i t y of 
the dynamic systems we can des ign is 
t h rea tened by the f ac t t h a t des ign 
components are not independent . When t h i s 
i s so , o v e r a l l des ign improvements o f t e n 
cannot be made by s t r i c t l y l o c a l changes. 
However, i t i s t y p i c a l l y very d i f f i c u l t t o 
see the remote changes t h a t are e n t a i l e d 
by a l o c a l a l t e r a t i o n ; so we o f t e n s e t t l e 
on a des ign tha t is i m p e r f e c t , but at 
l eas t c o n s i s t e n t . A good des ign language 
should he lp the user keep t r a c k of 
dependencies between the components of h i s 
d e s i g n s , and shou ld be ab le to a s s i s t i n , 
( p o s s i b l y by a u t o m a t i n g ) , the p ropaga t i on 
o f g l o b a l e f f e c t s o f l o c a l changes. 

F i gu re 4 shows a t r a c e of a user i n t e r a c t i v e l y 
a l t e r i n g the behav ior of one of a s i m u l a t i o n 
o b j e c t ; s p e c i f i c a l l y , changing the a c t i v i t i e s a 
f i g h t e r should engage in when r e c e i v i n g the message 
"A p e n e t r a t o r has en te red radar coverage" . Th is 
example demonstrates seve ra l of the ways ROSS meets 
the above requ i rements f o r a good-des ign change 
env i ronment , by e x p l o i t i n g meta-knowledge of 
a c t i o n s . The u s e r ' s commands are in lower case; 
ROSS responds in upper case. 

At <1> the user begins h i s f i x o f the suspect 
behav io r by sending a message to the g e n e r i c - a c t i o n 
( t he paren t o f a l l o b j e c t s t h a t are a c t i o n s ) . The 
computa t ion ROSS r e q u i r e s to process t h i s command 
is somewhat complex and m e r i t s e l a b o r a t i o n . 
G e n e r i c - a c t i o n i s the n a t u r a l p lace t o s t o r e a l l 
e x p e r t i s e assoc ia ted w i t h a c t i o n - o b j e c t s i n 
g e n e r a l . The g e n e r i c - a c t i o n responds to the 
request by f i n d i n g a behav io r t h a t i t owns or 
i n h e r i t s whose p a t t e r n matches the incoming 
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message. G e n e r i c - a c t i o n f i r s t asks f i g h t e r t o 
r e t u r n the name of the o b j e c t c o n t a i n i n g the code 
to be executed when a f i g h t e r rece i ves the 
s p e c i f i e d message. (Th is name is not a c c e s s i b l e to 
t he u s e r , wh ich is why messages cannot be passed 
d i r e c t l y t o a c t i o n i n s t a n c e s ) . Now g e n e r i c - a c t i o n 
passes a " p r i n t y o u r s e l f " message to t ha t a c t i o n 
i n s t a n c e . In f a c t , a c t i o n ins tances do not know 
how to p r i n t themselves . I t would be i n e f f i c i e n t 
t o s t o r e t h i s behav io r w i t h i n s t a n c e s , s ince a l l 
a c t i o n s p r i n t a l i k e . So, t o comply w i t h the 
r e q u e s t , ROSS next searches f o r , and f i n d s , the 
a p p r o p r i a t e p r i n t i n g e x p e r t i s e indexed under 
g e n e r i c - a c t i o n - - t h e a c t i o n i n s t a n c e ' s p a r e n t . Th is 
i s used t o p r i n t the t a r g e t a c t i o n . 

<1> g e n e r i c - a c t i o n , r e c a l l f i g h t e r ' s behav io r 
f o r "A to pen has en te red radar coverage" . 

MY BEHAVIOR I S : 

Myse l f , 
i f you have de tec ted the p e n e t r a t o r , 

prepare m i s s i l e f i r i n g 
on the p e n e t r a t o r 

o the rw ise 
t e l l your f i l t e r c e n t e r , 

you have de tec ted n o t h i n g . 

<2> * a c t , r e c a l l your au tho r . 

MY AUTHOR IS DAVEM, DATE OF CREATION 2 /20 /80 . 

<3> * a c t , change your code. 

ENTER NEW CODE 

Myse l f , 
i f you have de tec ted the p e n e t r a t o r , 

prepare m i s s i l e f i r i n g 
on the p e n e t r a t o r 

and l o i t e r 
o the rw ise 

t e l l your f i l t e r c e n t e r , 
you have de tec ted n o t h i n g . 

OK NOW GIVE AN ENGLISH EXPLANATION 

When a p e n e t r a t o r is in range of a g i ven f i g h t e r , 
i f t h a t f i g h t e r d e t e c t s the p e n e t r a t o r , p repare 
t o f i r e a m i s s i l e , and l o i t e r . I f the p e n e t r a t o r 
i s not d e t e c t e d , then t h i s f ac t should be r e p o r t e d . 

FIGHTERS INTERACT WITH FILTER CENTERS AND 
PENETRATORS, SO YOU MIGHT WANT TO ALTER THEIR 
BEHAVIORS TO BE CONSISTENT WITH THIS NEW BEHAVIOR. 

F i gu re 4. A sess ion where ROSS a ids 
user in des ign change. 

Note t h a t an E n g l i s h v e r s i o n o f the a c t i o n i s 
p r i n t e d , not the less readab le u n d e r l y i n g LISP 
code. Here is a s imple example of how ROSS 
improves the des ign envi ronment by i n c r e a s i n g a 
d e s i g n e r ' s comprehension of what he is about to 
change. Th is i s enab led , i n t u r n , by p e r m i t t i n g 
ac t i ons to be o b j e c t s . Once a c t i o n s are t r e a t e d as 
re fe renceab le e n t i t i e s , they can have e x p e r t i s e and 
seve ra l k inds o f d e s c r i p t i o n assoc ia ted w i t h them. 
In p a r t i c u l a r , one can s t o r e seve ra l s o r t s o f 
" t r a n s l a t i o n s " o f an a c t i o n w i t h the o b j e c t . The 
schemat ic s t r u c t u r e o f an a c t i o n ins tance is shown 
in F igu re 5 . 

( a c t i o n - i n s t a n c e 
act ion-name <gensym> 
code <ross code> 
l i s p < l i s p t r a n s l a t i o n o f ross 

commands> 
compi led <compi led behavior> 
E n g l i s h <use r -g i ven Eng l i s h render ing> 
author <code's author> 
date <most recent update>) 

F igu re 5. A schemat ic view of an a c t i o n . 

At <2> the user requests the a c t i o n to r e p o r t 
who c o n s t r u c t e d i t . Th is i s another 
m e t a - d e s c r i p t i o n assoc ia ted w i t h the a c t i o n , and 
p rov ides an a p r i o r i t e s t on the code 's 
c r e d i b i l i t y — i f an exper t i s not r espons ib l e f o r 
the code, i t i s more suspec t . 

At <3> the user en te rs i n t o an extended 
i n t e r a c t i o n w i t h i n a s i n g l e command. He o f f e r s a 
m o d i f i e d b e h a v i o r , (a " l o i t e r " message has been 
added) , and is prompted f o r a new E n g l i s h 
e x p l a n a t i o n t o be s t o r e d w i t h the a c t i o n - o b j e c t , 
once the g i ven ROSS code is determined to be 
s y n t a c t i c a l l y l e g a l and t r a n s l a t a b l e i n t o 
u n d e r l y i n g LISP. As the f i n a l phase o f t h i s 
i n t e r a c t i o n , ROSS checks to see i f i t knows any 
dependencies between f i g h t e r s and o t h e r o b j e c t s 
t h a t might cause a the change in f i g h t e r s to 
propagate t o o the r s t r u c t u r e s . Th is i s 
accompl ished th rough demons in the IF-CHANGED s l o t 
o f f i g h t e r . C u r r e n t l y t h i s s l o t must be f i l l e d by 
the use r ; ROSS cannot ye t syn thes i ze i t s own 
c o n s t r a i n t express ions ( 1 1 ) . I f the code p laced i n 
such s l o t s i s mere ly an a l e r t concern ing 
dependencies, (as in the present c a s e ) , the user 
w i l l have to make remote changes by hand, b u t , at 
l eas t ROSS makes him aware of the need f o r change. 
I f the code in IF-CHANGED s l o t s is a bona f i d e 
dependency c o n t r a c t , ROSS can take care of 
c o n s t r a i n t p ropaga t i on i t s e l f , thus i n s u r i n g g l o b a l 
cons i s tency o f changes. 

At the end of t h i s s e s s i o n , ROSS a u t o m a t i c a l l y 
takes care of a few impor tan t book-keeping d e t a i l s , 
i n c l u d i n g : ( i ) a l t e r i n g the a c t i o n o b j e c t ' s d a t e , 
( i i ) changing i t s au tho r , ( i i i ) p o s s i b l y c o m p i l i n g 
new code, and, ( i v ) a r c h i v i n g the p rev ious behav io r 
v e r s i o n . These d e t a i l s w i l l f a c i l i t a t e f u t u r e 
changes, i n c l u d i n g p o s s i b l e r e t r a c t i o n s o f t he 
c u r r e n t a l t e r a t i o n . 
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V I I CONCLUSIONS ACKNOWLEDGMENTS 

The above sess ion is a o n l y s imp le example of 
how ROSS's knowledge of a c t i o n o b j e c t s is 
s t r u c t u r e d and how it may be used by t he ROSS 
system to p a r t i a l l y automate des ign change, f r e e i n g 
the user to focus on the more c r e a t i v e aspects of 
system c o n s t r u c t i o n . C u r r e n t l y , we have an 
ever -expand ing l i s t o f p o s s i b l e ways t o f u r t h e r 
e x p l o i t knowledge assoc ia ted w i t h messages and 
a c t i o n s , and to improve ROSS by i n c l u d i n g these 
types o f o b j e c t s as message-passing e n t i t i e s . For 
example, the m e t a - d e s c r i p t i o n assoc ia ted w i t h 
message o b j e c t s i s u s e f u l in the da ta a n a l y s i s and 
d iagnos i s phases of des ign as w e l l as in p ropos ing 
des ign changes. Moreover, some uses go beyond the 
imp lementa t ion o f des ign and d i a g n o s i s s u p p o r t s . 
To take a b r i e f example, message o b j e c t s enhance 
the power of ROSS's E n g l i s h f r o n t - e n d by p e r m i t t i n g 
the ROSS pa rse r d e f e r d e c i s i o n s concern ing the 
i n t e n s i o n a l or e x t e n s i o n a l i n t e r p r e t a t i o n s or a 
ROSS phrase . These cho ices cannot be made u s i n g a 
c o n t e x t - f r e e grammar; i n f o r m a t i o n concern ing the 
" p r a g m a t i c " i n t e n t of the phrase must be used to 
s e l e c t among the two i n t e r p r e t a t i o n s . We c u r r e n t l y 
so l ve t h i s problem by l e t t i n g the ROSS pa rse r pass 
bo th i n t e r p r e t a t i o n s to message-objects whose 
m e s s a g e - p a t t e r n - o b j e c t s are q u e r i e d t o de te rmine 
which a c t i o n shou ld be i nvoked . The 
message-pa t te rn o b j e c t s can e i t h e r i n h e r i t the 
s tandard techn ique f o r message r e c e i p t o r , i f some 
s p e c i f i c con tex t dependent a c t i o n s need to be 
pe r f o rmed , they can d e f i n e t h e i r own 
m a t c h i n g / a p p l i c a t i o n a l g o r i t h m . Th i s may appear to 
make the ROSS pa rse r unacceptab ly s l ow , but 
e x p l o i t i n g messages as o b j e c t s in another way, to 
"memo"ize message searches , a l l ows speed 
o p t i m i z a t i o n * 

Much of the power beh ind the idea of 
r e p r e s e n t i n g a c t i o n s and messages as o b j e c t s comes 
from be ing ab le to implement m u l t i p l e v iews o f t he 
same o b j e c t . As users we unders tand seve ra l t h i n g s 
abou t , say , messages; not o n l y t h a t they are the 
produc t o f s i m u l a t i o n s , but t h a t they shou ld be 
p r i n t e d in a p a r t i c u l a r way, t h a t t hey have a 
c e r t a i n impor tance as d a t a , t h a t they o f t e n come 
be fo re or a f t e r o t h e r e v e n t s , and so on . Y e t , 
t y p i c a l l y , s i m u l a t i o n programs "know" o n l y t h a t 
messages are t h i n g s they pass from o b j e c t to 
o b j e c t . Knowledge of these d i f f e r e n t v iews comes 
i n t o p l ay i n d i f f e r e n t phases o f the process o f 
des ign and s i m u l a t i o n da ta c o l l e c t i o n . I f a 
s i m u l a t i o n program- does not embed these types of 
knowledge e x p l i c i t l y , i t cannot he lp the user 
accompl ish some o f the a c t i v i t i e s t h a t are o u t s i d e 
s i m u l a t i o n in a narrow sense but which we rega rd as 
impor tan t components o f the l a r g e r i n f e r e n c e and 
des ign p rocess . By t r a n s f e r r i n g these s e v e r a l 
knowledge p e r s p e c t i v e s t o o b j e c t s w i t h i n the 
s i m u l a t i o n we take the f i r s t s tep towards 
au tomat ing impo r tan t f e a t u r e s o f des ign and 
d i a g n o s i s , and towards c r e a t i n g s i m u l a t i o n 
languages t h a t are power fu l t o o l s f o r reason ing 
about complex r e a l w o r l d systems. 

We g r a t e f u l l y acknowledge the c o n t r i b u t i o n s of 
S a l l y G o l d i n , P h i l K l a h r , Russ Gre ine r and A lan Kay 
to the development o f the ideas p resen ted h e r e i n . 
A lan B o r n i n g , S a l l y Go ld i n and P h i l K lah r a l s o 
p r o v i d e d u s e f u l comments on an e a r l i e r d r a f t o f 
t h i s paper . 
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By ' m e m o ' i z a t i o n we mean remembering in t he 
message o b j e c t wh ich message-pa t te rn o b j e c t 
succeeded in matched the message-ob jec t . 
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