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In conclusion, we o�er the fol l owi ng conject ur e : per haps t he r eas on f or s uch s l owpr ogr es s i n t he

devel opment and evol ut i on of s of twar e s ys t ems i s t hat we have trained carpenters and cont ractors,

but no archi t ect s.
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es t abl i s h t he pr i macy of s of twar e ar chi t ect ur e .

Other s have begun t o l ook at s of twar e ar chi t ect ur e . Thr ee t hat ar e mos t r e l evant ar e Schwanke,

et al . , Zachman, and Shaw.

Schwanke, et al . , [17] de�ne ar chi t ect ur e as t he permi t t ed or al l owed s et of connect i ons among

component s . We agr ee t hat t hat as pect of ar chi t ect ur e i s i mpor t ant , but f ee l t hat t her e i s muc

mor e t o ar chi t ect ur e t han s i mpl y component s and connect i ons , as we demons t r at e i n t hi s paper .

Zachman [ 20] us es t he met aphor of bui l di ng ar chi t ect ur e t o advant age i n cons t r uct i ng an ar -

chi t ect ur e f or i nf ormat i on s ys t ems . He expl oi t s t he not i on of di �er ent ar chi t ect ur al docume

t o pr ovi de a vi s i on of what t he var i ous document s ought t o be i n t he bui l di ng of an i nf ormat i on

s ys t em. The ar chi t ect i s t he medi at or between t he us er and t he bui l der s of t he s ys t em. The var -

i ous document s pr ovi de t he var i ous vi ews of di �er ent par t s of t he pr oduct | the us er s vi ew, t h

cont r act or s vi ews , et c . Hi s wor k di �er es f r omour s i n t hat he i s pr opos i ng a s pec i �c ar chi t ect ur e

a s pec i �c appl i cat i on domai n whi l e we ar e at t empt i ng t o de�ne t he phi l os ophi cal under pi ni ngs o

t he di s c i pl i ne , t o det ermi ne a not at i on f or expr es s i ng t he s pec i �cat i on of t he var i ous ar chi t ec

document s , and det ermi ne howthes e document s can be us ed i n aut omat ed ways .

Shaw[ 18] comes t he c l os es t i n appr oach t o our s . She t akes t he vi ewof a pr ogr ammi ng l anguage

des i gner and abs t r act s c l as s es of component s , met hods of compos i t i on, and s chemas f r oma wi de

var i ety of s ys t ems . Thes e cor r es pond s omewhat t o our not i ons of pr oces s i ng and dat a e l ement s ,

connect i ng e l ement s , and ar chi t ect ur al s tyl e , r es pect i ve l y. One maj or di �er ence between our wo

and Shaw's i s t hat s he i s t aki ng a t r adi t i onal type- bas ed appr oach t o des cr i bi ng ar chi t ect ur e , wh

we ar e t aki ng a mor e expr es s i ve pr oper ty- bas ed appr oach. Our appr oach appear s bet t er abl e

t o mor e di r ect l y capt ur e not i ons of wei ght ed pr oper t i es and r e l at i ons hi ps . Shaw' s appr oach

abs t r act i ng t he var i ous pr oper t i es and r e l at i ons hi ps of exi s t i ng ar chi t ect ur es and embodyi ng t

i n a smal l s et of component and compos i t i on types appear s r at her r es t r i ct i ve . I ndeed, s he i s s eek

t o pr ovi de a �xed s et of us ef ul ar chi t ect ur al e l ement s t hat one can mi x and mat ch t o cr eat e an

ar chi t ect ur e . Shaw' s appr oach i s c l ear l y an i mpor t ant and us ef ul one and does much t o pr omot e

t he under s t andi ng of bas i c and i mpor t ant ar cht i t ect ur al concept s . Our appr oach, on t he ot her

hand, emphas i zes t he i mpor t ance of t he under l yi ng pr oper t i es and r e l at i ons hi ps as a mor e gener a

mechani smthat can be us ed t o des cr i be t he par t i cul ar types of e l ement s and compos i t i ons i n s uch

a way t hat pr ovi des a l at i t ude of choi ce .
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The pr i mar y f ocus i n ar chi t ect ur e i s t he i dent i �cat i on of i mpor t ant pr oper t i es and r e l at i ons h

|cons t r ai nt s on t he ki nds of component s t hat ar e neces s ar y f or t he ar chi t ect ur e , des i gn, an

i mpl ement at i on of a s ys t em. Gi ven t hi s as t he bas i s f or us e and r eus e , t he ar chi t ect , des i gn

or i mpl ement er may be abl e t o s e l ect t he appr opr i at e ar chi t ect ur al e l ement , des i gn e l ement , o

i mpl ement ed code t o s at i s f y t he s pec i �ed cons t r ai nt s at t he appr opr i at e l eve l .

Mor eover , t he var i ous par t s of pr evi ous l y i mpl ement ed s of twar e may be t eas ed apar t t o s e l ect

t hat whi ch i s us ef ul f r omthat whi ch i s not . For exampl e , t he des i gn of a component f r omanot her

s ys t emmay have j us t t he r i ght ar chi t ect ur al cons t r ai nt s t o s at i s f y a par t i cul ar ar chi t ect ur al e l e

but t he i mpl ement at i on i s cons t r ai ned s uch t hat i t coni ct s wi t h ot her s ys t emcons t r ai nt s . Th

s ol ut i on i s t o us e t he des i gn but not t he i mpl ement at i on. Thi s becomes pos s i bl e onl y by i ndent i f yi

t he ar chi t ect ur al , des i gn, and i mpl ement at i on cons t r ai nt s and us e t hemto s at i s f y t he des i r ed go

of t he ar chi t ect ur e , des i gn, and i mpl ement at i on.

The i mpor t ant l es s on i n r eus i ng component s i s t hat t he pos s i bi l i t i es f or r eus e ar e t he gr e

es t wher e s pec i �cat i ons f or t he component s ar e cons t r ai ned t he l eas t |at t he ar chi t ect ur al l ev

Component r eus e at t he i mpl ement at i on l eve l i s us ual l y t oo l at e becaus e t he i mpl ement at i on e l e

ment s of t en embody t oo many cons t r ai nt s . Mor eover , cons i der at i on of r eus e at t he ar chi t ect ur al

l eve l may l ead devel opment down a di �er ent , equal l y val i d s ol ut i on pat h, but one t hat r es ul t s i

gr eat er r eus e .

6 Conclusions

Our e�or t s over t he pas t f ewyear s have been di r ect ed t owar d i mpr ovi ng t he s of twar e pr oces s as -

s oc i at ed wi t h l ar ge, compl ex s of twar e s ys t ems . We have come t o bel i eve t hat s of twar e ar chi t ect ur

can pl ay a vi t al r ol e i n t hi s pr oces s , but t hat i t has been bot h under ut i l i zed and under deve l op

We have begun t o addr es s t hi s s i t uat i on by es t abl i s hi ng an i nt ui t i on about and cont ext f or s of t

war e ar chi t ect ur e and ar chi t ect ur al s tyl e . We have f ormul at ed a model of s of twar e ar chi t ect ur

t hat emphas i zes t he ar chi t ect ur al e l ement s of dat a, pr oces s i ng, and connect i on, hi ghl i ght s t

r e l at i ons hi ps and pr oper t i es , and capt ur es cons t r ai nt s on t hei r r eal i zat i on or s at i s f act i on.

over , we have begun t o del i neat e t he neces s ar y f eat ur es of ar chi t ect ur al des cr i pt i on t echni ques

t he i r s uppor t i ng i nf r as t r uct ur e . I n s o doi ng, we have s et a di r ect i on f or f ut ur e r es ear ch t hat s h
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ot herwi s e go undet ect ed. Ther e ar e two pr i mar y cat egor i es of anal ys i s t hat we wi s h t o per f orm:

cons i s t ency and dependency anal ys i s . Cons i s t ency occur s i n s ever al di mens i ons : cons i s t ency wi t

t he ar chi t ect ur e and ar chi t ect ur al s tyl es , cons i s t ency of t he ar chi t ect ur e wi t h t he r equi r ement s

cons i s t ency of t he des i gn wi t h t he ar chi t ect ur e . I n t he s ame way t hat I ns cape [ 11] f ormal l y an

aut omat i cal l y manages t he i nt er dependenci es between i nt er f ace s pec i �cat i ons and i mpl ement at i on

we al s o want t o be abl e t o manage t he i nt er dependenci es between r equi r ement s , ar chi t ect ur e , and

des i gn.

Ther ef or e , we want t o pr ovi de and s uppor t at l eas t t he f ol l owi ng ki nds of anal ys i s :

� cons i s t ency of ar chi t ect ur al s tyl e cons t r ai nt s ;

� s at i s f act i on of ar chi t ect ur al s tyl es by an ar chi t ect ur e ;

� cons i s t ency of ar chi t ect ur al cons t r ai nt s ;

� s at i s f act i on of t he ar chi t ect ur e by t he des i gn;

� es t abl i s hment of dependenci e s between ar chi t ect ur e and des i gn, and ar chi t ect ur e and r equi r

ment s ; and

� det ermi nat i on of t he i mpl i cat i ons of changes i n ar chi t ect ur e or ar chi t ect ur al s tyl e on des

and r equi r ement s , and vi ce ver s a.

5.2 Archi tecture and the Probl ems of Use and Reuse

An i mpor t ant as pect i n i mpr ovi ng t he pr oduct i vi ty of t he des i gner s and t he pr ogr ammer s i s

t hat of be i ng abl e t o bui l d on t he e�or t s of ot her s |that i s , us i ng and r eus i ng component s whet her

t hey come as par t of anot her s ys t emor as par t s f r oms t andar d component s cat al ogs .

Ther e has been much at t ent i on gi ven t o t he pr obl emof �ndi ng component s t o r eus e . Fi ndi ng

component s may be i mpor t ant i n r educi ng t he dupl i cat i on of e�or t and code wi t hi n a s ys t em, but

i t i s not t he pr i mar y i s s ue i n t he at t ai ni ng e�ect i ve us e of s t andar di zed component s . For exampl

�ndi ng t he component s i n a math l i br ar y i s not an i s s ue. The pr i mar y i s s ue i s under s t andi ng t he

concept s embodi ed i n t he l i br ar y. I f t hey ar e under s t ood, t hen t her e i s us ual l y no pr obl em�ndi n

t he appr opr i at e component i n t he l i br ar y t o us e . I f t hey ar e not under s t ood, t hen br ows i ng wi l

he l p onl y i n conj unct i on wi t h t he acqui s i t i on of t he appr opr i at e concept s .
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s tyl e capt ur es s ome por t i on of t he r e l at i ons hi p. Mor e can be s ai d, however , gi ven t he us e o

appl i cat i on- or i ent ed pr oper t i es . I n par t i cul ar , we can dr aw cor r e l at i ons among t he pr oper t i e

t he di �er ent ar chi t ect ur es . The t abl e be l ow shows s ome of t hes e cor r e l at i ons .

Sequential Archi tecture Paral l el Archi tecture

has-all - t okens wi l l -be-no-more-t okens
has-al l -phrases wi l l -be-no-more-pharses

has-al l -correl at ed-phrases al l -phrases-correl at ed

I n t hi s cas e , t he cor r e l at i ons i ndi cat e common poi nt s of pr oces s i ng, l eadi ng, f or i ns t ance, t o a b

under s t andi ng of t he pos s i bl e r eus abi l i t y of t he pr oces s i ng e l ement s .

The i mpor t ant poi nt s of t hi s exampl e can be s ummar i zed as f ol l ows :

� t he pr oces s i ng e l ement s ar e much t he s ame as i n t he pr evi ous ar chi t ect ur e , but wi t h di �er ent

\l ocus of cont r ol " pr oper t i es ;

� t he f ormof t hi s ar chi t ect ur e i s mor e compl ex t han t hat of t he pr evi ous one |ther e ar e mor e

appl i cat i on- or i ent ed pr oper t i es and t hos e pr oper t i es r equi r e a r i cher not at i on t o expr es s t

and t hei r i nt er r e l at i ons hi ps ;

� we s t i l l bene�t f r omthe pr oces s i ng/dat a/connect or vi ew i nt er dependence, al be i t wi t h mor e

compl exi ty; and

� appl i cat i on- or i ent ed pr oper t i es ar e us ef ul i n r e l at i ng s i mi l ar ar chi t ect ur es .

5 Some Bene�ts Deri ved f romSof tware Archi tecture

We have pr evi ous l y ment i oned t he us e of s of twar e ar chi t ect ur e i n t he cont ext of r equi r ement s

and des i gn. Sof twar e ar chi t ect ur e pr ovi des t he f r amewor k wi t hi n whi ch t o s at i s f y t he s ys t emr e

qui r ement s and pr ovi des bot h t he t echni cal and manager i al bas i s f or t he des i gn and i mpl ement at i on

of t he s ys t em. Ther e ar e two f ur t her bene�t s t hat we wi s h t o di s cus s i n det ai l : t he ki nds of anal y

t hat s of twar e ar chi t ect ur e s pec i �cat i ons wi l l enabl e us t o per f ormand t he ki nds of r eus e t hat

gai n f r omour appr oach t o s of twar e ar chi t ect ur e .

5. 1 Sof tware Archi tecture and Anal ysi s

As i de f r ompr ovi di ng c l ear and pr ec i s e document at i on, t he pr i mar y pur pos e of s pec i �cat i ons i

t o pr ovi de aut omat ed anal ys i s of t he document s and t o expos e var i ous ki nds of pr obl ems t hat woul d
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f or maki ng s uch des cr i pt i ons , i nc l udi ng paral l el path expressi ons [ 4] , const rai ned expressi ons [ 1] ,

and pet ri net s [ 13] . I n t hi s exampl e we us e par al l e l pat h expr es s i ons , wher e a comma i ndi cat es

s equence, a pl us s i gn i ndi cat es one or mor e r epet i t i ons , an as t er i s k i ndi cat es zer o or mor e r epet i

and s ubexpr es s i ons ar e enc l os ed i n par ent hes es . Synchr oni zat i on poi nt s occur wher e names of

appl i cat i on- or i ent ed pr oper t i es ar e t he s ame i n di �er ent par al l e l pat h expr es s i ons . Fi r s t , t he

expr es s i ons f or each of t he dat a e l ement s |tokens , phr as es , and cor r e l at ed phr as es |ar e gi ven:

(no-tokens, has- t oken+)*, wi l l -be-no-more-t okens, has- t oken*, no-tokens (1)
(no-phrases, has-phrase+)*, wi l l -be-no-more-phrases, has-phrase*, no-phrases (2)
no-correl at ed-phrases, (have-correl at ed-phrases)*, al l -phrases-correl at ed (3)

Next , t he pat h expr es s i ons r e l at i ng t he appl i cat i on- or i ent ed pr oper t i es ar e gi ven:

wi l l -be-no-more-t okens, wi l l -be-no-more-phrases, al l -phrases-correl at ed (4)

has- t oken+, has-phrase (5)

has-phrase+, has-correl at ed-phrase (6)

Thus , t okens ar e cons umed t o pr oduce phr as es , and phr as es ar e cor r e l at ed unt i l t hey ar e al l pr o

ces s ed.

What we have gi ven s o f ar i s es s ent i al l y a connect or vi ew (and, i n t hi s cas e , e�ect i ve l y

dat a vi ew as wel l ). Concent r at i ng i ns t ead on t he pr oces s i ng vi ew al l ows us t o des cr i be how each

pr oces s i ng e l ement t r ans f orms t he i nt er nal r epr es ent at i on as wel l as howthos e pr oces s i ng e l eme

ar e s ynchr oni zed:

l exer : (no-tokens, has- t oken+)*, wi l l -be-no-more-t okens

par s er : no-phrases, (has- t oken+, has-phrase)*, wi l l -be-no-more-t okens, (has- t oken+,

has-phrase)*, no-tokens, wi l l -be-no-more-phrases

s emant or : no-correl at ed-phrases, (has-phrase+, has-correl at ed-phrase)*,

wi l l -be-no-more-phrases, (has-phrase+, has-correl at ed-phrase)*, no-phrases,

al l -phrases-correl at ed

An i nt er es t i ng ques t i on t o as k i s how thi s ar chi t ect ur e r e l at es t o t he pr evi ous one. I n f act ,

abi l i t y t o r e l at e s i mi l ar ar chi t ect ur es i s an i mpor t ant as pect of t he s of twar e pr oces s ; an examp

the eval uat i on of \compet i ng" ar chi t ect ur es . Cer t ai nl y, t he ar chi t ect ur es bot h bei ng of a commo
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ture Compi l er Archi tecture.

eager eval uat i on. Fi gur e 4 depi ct s a s i mpl i �ed and par t i al f unct i onal vi ew of t hi s ar chi t ect

s howi ng t he r e l at i ons hi ps between t he i nt er nal r epr es ent at i on and t he l exer , t he par s er , and

s emant or . (We onl y cons i der t hes e t hr ee pr oces s i ng e l ement s i n t he r emi nder of t hi s exampl e . )

The appl i cat i on- or i ent ed pr oper t i es of t he s har ed i nt er nal r epr es ent at i on i n t hi s ar chi t ect u

much mor e compl i cat ed, and i nt er es t i ng, t han t hos e gi ven i n t he pr evi ous exampl e . I n par t i cul ar

a number of pr oces s i ng e l ement s ar e a�ect i ng t he s t at e of t he i nt er nal r epr es ent at i on, and doi ng

concur r ent l y. Thi s i mpl i es t hat t he appl i cat i on- or i ent ed pr oper t i es mus t pr ovi de f or coor di na

and s ynchr oni zat i on among t he pr oces s i ng e l ement s . We begi n by gi vi ng t he bas i c pr oper t i es t hat

t he i nt er nal r epr es ent at i on may exhi bi t :

no-tokens no-phrases no-correl at ed-phrases
has- t oken has-phrase have-correl at ed-phrases
wi l l -be-no-more-t okens wi l l -be-no-more-phrases al l -phrases-correl at ed

Not i ce t hat t hes e pr oper t i es i mpl y t hat t okens and phr as es ar e consumed, but t hat cor r e l at ed

phr as es ar e accumul at ed ( cons i der \has - phr as e" ver s us \have- cor r e l at ed- phr as es ") .

Becaus e of t he par al l e l behavi or of t he pr oces s i ng e l ement s , t he i nt er r e l at i ons hi ps among

var i ous bas i c pr oper t i es mus t be expl i c i t l y des cr i bed. Anumber of not at i ons exi s t t hat ar e s ui t
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of each pr oces s i ng e l ement . Thes e vi ews ar e act ual l y compl ement ar y. I n f act , i f we depi ct t he da

vi ew, as i s done i n Fi gur e 3, and compar e i t t o t he pr oces s i ng vi ew, s hown i n Fi gur e 2, t hen t he

cor r es pondence becomes f ai r l y obvi ous .

The i mpor t ant ar chi t ect ur al cons i der at i ons t hat der i ve f r omthi s exampl e can be s ummar i zed

as f ol l ows :

� t he f ormdes cr i pt i ons mus t i nc l ude t he r e l at i ons hi ps and cons t r ai nt s among t he e l ement s

i nc l udi ng r e l at i ve wei ght i ngs and pr ef er ences ;

� cur r ent type- bas ed s chemes f or char act er i z i ng e l ement s ar e i ns u�ci ent ; and

� t her e i s a nat ur al i nt er dependence between t he pr oces s i ng and dat a vi ews t hat can pr ovi de

compl ement ar y des cr i pt i ons of an ar chi t ect ur e .

4. 3 Paral l el Process , Shared Data Structure Archi tecture

Suppos e t hat per f ormance i s of par amount i mpor t ance, s uch t hat one want s t o opt i mi ze t he

s peed of t he compi l er as much as pos s i bl e . One pos s i bl e s ol ut i on i s t o adopt an ar chi t ect ur e t h

t r eat s t he pr oces s i ng e l ement s as i ndependent pr oces s es dr i ven by a s har ed i nt er nal r epr es ent at

|that i s , t he connect i ng e l ement i s t he s har ed r epr es ent at i on and each pr oces s i ng e l ement per f orm
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has-al l -phrases: a s t at e pr oduced by t he par s er , neces s ar y f or t he s emant or t o begi n pr oces s -

i ng;

has-al l -correl at ed-phrases: a s t at e pr oduced by t he s emant or , neces s ar y f or t he opt i mi zer and

code gener at or t o begi n pr oces s i ng; and

has-al l -opt imi zat i on-annotat i ons: a s t at e pr oduced by t he opt i mi zer , pr ef er r ed f or t he code

gener at or t o begi n pr oces s i ng.

Not i ce agai n t hat t he l as t pr oper ty i s onl y pr ef er r ed. Whi l e i n t hi s exampl e t he appl i cat i on- or i e

pr oper t i es may appear obvi ous and al mos t t r i vi al , i n t he next exampl e t hey ar e cr uc i al t o t h

des cr i pt i on of t he ar chi t ect ur e and i n guar ant ee i ng t he compl i ance of des i gns and i mpl ement at i o

wi t h t hat ar chi t ect ur e .

An i nt er es t i ng ques t i on t o cons i der i s why we evi dent l y chos e t o us e a pr oper ty- bas ed s cheme

f or des cr i bi ng ar chi t ect ur al e l ement s r at her t han a type- bas ed s cheme. The r eas on i s t hat typ

model s , as t hey cur r ent l y exi s t , ar e es s ent i al l y onl y abl e t o char act er i ze e l ement s and el ement t

i n t erms of t he r e l at i ons hi p of one e l ement type t o anot her ( e . g. , s ubtypi ng and i nher i t ance [ 1

i n t erms of t he r e l at i ons hi ps t hat par t i cul ar e l ement s have wi t h ot her e l ement s ( e . g. , as i n O

[ 15] ) , and i n t erms of t he oper at i ons t hat can be per f ormed on t he e l ement s . They ar e not s ui t ed

t o des cr i pt i ons of char act er i s t i cs of e l ement s s uch as t he appl i cat i on- or i ent ed pr oper t i es ment

above. For exampl e , s i mpl y knowi ng t hat t her e i s an oper at i on as s oc i at ed wi t h abs t r act s ynt ax

gr aphs t o connect one phr as e t o anot her does not l ead t o an under s t andi ng t hat t he abs t r act s ynt ax

gr aph mus t have al l phr as es cor r e l at ed bef or e t he code gener at or can acces s t he gr aph.

Pr oper ty- bas ed s chemes , on t he ot her hand, can be us ed t o capt ur e eas i l y al l t hes e char act er i

t i cs ; one pr oper ty of an el ement coul d be t he s et of oper at i ons wi t h whi ch i t i s as s oc i at ed. I t s e

r eas onabl e t o cons i der enhanci ng type model s i n t hi s r egar d and we s ee t hi s as a pot ent i al l y i nt

es t i ng ar ea of f ut ur e wor k. We not e, however , t hat type- bas ed s chemes ar e al r eady appr opr i at e l y

us ed at t he des i gn l eve l , as ment i oned i n Sect i on 2. Fur t her , we not e t hat appl i cat i on- or i ent

pr oper t i es pr ovi de a good vehi c l e wi t h whi ch t o dr i ve t he des i gn, or j us t i f y t he s ui t abl i ty, of

of oper at i ons f or an el ement type.

Ret ur ni ng t o t he i nt er dependence between t he pr oces s i ng and dat a vi ews , we can s ee t hat t he

dat a vi ew concent r at es on t he par t i cul ar appl i cat i on- or i ent ed pr oper t i es t hat ar e of i mpor t anc

des cr i bi ng each dat a s t r uct ur e , whi l e t he pr oces s i ng vi ew concent r at es on t he f unct i onal pr oper
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Fi gure 2: Processi ng Vi ewof Sequenti al Compi l er Archi tecture.

t hr ough t he s ys t em. Not i ce t hat t her e ar e two pat hs f r omthe s emant or t o t he code gener at or ,

onl y one of whi ch pas s es t hr ough t he opt i mi zer . Thi s r eect s t he f act t hat a s epar at e opt i mi zat i

phas e i s not neces s ar y i n t hi s ar chi t ect ur e . That i s , a des i gn s at i s f yi ng t hi s ar chi t ect ur e nee

pr ovi de an opt i mi zer .

To i l l us t r at e t he i nt er dependence of pr oces s i ng and dat a vi ews , l et us cons i der t he dat a as

whol e be i ng cr eat ed and t r ans f ormed as t hey ow thr ough t he s ys t em. We have f ound t hat t he

dat a vi ew i s bes t capt ur ed by a not i on t hat we cal l appl i cat i on-ori ent ed propert i es. Appl i cat i on-

or i ent ed pr oper t i es des cr i be t he s t at es of a dat a s t r uct ur e t hat ar e of s i gni �cance t o t he pr oce

e l ement s mani pul at i ng t hat s t r uct ur e . They can be us ed f or s uch t hi ngs as cont r ol l i ng t he or de

of pr oces s i ng, he l pi ng t o de�ne t he e�ect s of a pr oces s i ng e l ement on a dat a s t r uct ur e , and eve

hel pi ng t o de�ne t he oper at i ons needed by t he pr oces s i ng e l ement s t o achi eve t hos e e�ect s .

For t hi s exampl e , t he ( s i mpl i �ed) appl i cat i on- or i ent ed pr oper t i es ar e as f ol l ows :

has-al l - t okens: a s t at e pr oduced as a r es ul t of l exi cal l y anal yz i ng t he pr ogr amt ext , neces s ar

f or t he par s er t o begi n pr oces s i ng;
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i f t her e exi s t s an i, j, k, q, r, and s s uch t hat 1 � i < j �m, 1 <k<n, 1 <q�r <m,

and f or al l t 2 T t her e exi s t s a Cx
y s uch t hat :

t �=

8>>>>>>><
>>>>>>>:

C1
i i f t =t1

Cj
m i f t =tn

Cq
r i f t =tk, wher e 9 u, v

���������

1 �u�q� 1

r+ 1 �v�m

tk�1 �= Cu
q�1

tk+1 �= Cr+1
v

The l exer i s now cons t r ai ned f r oma pr oces s i ng per s pect i ve t o accept a s equence of char act er s C

pr oduce a s equence of t okens T, and t o pr es er ve t he or der i ng cor r es pondence between char act er s

and t okens :

l exer : C! T, wher e T preserves C

Fi nal l y, i t i s i nt er es t i ng t o not e t hat t he connect or vi ew r eveal s addi t i onal cons t r ai nt s

s houl d be pl aced on t he ar chi t ect ur al s tyl e . Thes e cons t r ai nt s ar e i l l us t r at ed by t he connect

between t he l exer and t he par s er . I n par t i cul ar , connect i ng e l ement s mus t ens ur e t hat t he t oken

pr oduced by t he l exer ar e pr es er ved f or t he par s er , s uch t hat t he or der r emai ns i nt act and t ha

t her e ar e no l os s es , dupl i cat es , or s pur i ous addi t i ons .

4. 2 Sequenti al Archi tecture

I f t her e i s a \c l as s i cal " mul t i - phas e compi l er ar chi t ect ur e , t hen i t i s t he s equent i al one, i n

each phas e per f orms i t s f unct i on t o compl et i on bef or e t he next phas e begi ns and i n whi ch dat a

e l ement s ar e pas s ed di r ect l y f r omone pr oces s i ng e l ement t o t he ot her . Thus , we add t he f ol l owi n

ar chi t ect ur al e l ement s t o t hos e char act er i z i ng t he over al l s tyl e :

connect i ng el ement s: pr ocedur e cal l and par amet er s .

Fur t hermor e, we r e�ne t okens t o i nc l ude t he s t r uct ur i ng of t he i dent i �er t okens i nt o a name tabl e

(NT) , and r e�ne phr as es t o be or gani zed i nt o an abst ract syntax t ree (AST) . Cor r e l at i on of phr as es

r es ul t s i n an abst ract syntax graph (ASG) and opt i mi zat i on i n an annotat ed abst ract syntax graph

(AASG) . Fi gur e 2 gi ves a pr oces s i ng vi ew of t he s equent i al ar chi t ect ur e , s howi ng t he owof dat a
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Correlated Phrases

Phrases

Tokens

Characters

Figure 1: Data Element Rel ati onshi ps.

data element s: characters, tokens, phrases , correlated phrases , annotated phrases , and

object code.

Not ice that we have not speci �ed connect i ng el ements . It i s s i mpl y the case that thi s styl e does

not di ctate what connect i ng el ements are to be used. Of course, the choi ce of connect i ng el ements

has a prof ound i mpact on the resul t i ng archi tecture, as shown bel ow.

The f ormof the archi tectural styl e i s expressed by wei ghted propert i es and rel at i onshi ps among

the archi tectual el ements . For exampl e, the opt i mi zer and annotated phrases must be f ound to-

gether , but they are both onl y pref erred el ements , not necessary. As another exampl e, there are

l i near rel at i onshi ps between the characters const i tut i ng the text of the program, the tokens pro-

duced by the l exer , and the phrases produced by the parser . I n part i cul ar , tokens cons i st of a

sequence of characters , and phrases cons i st of a sequence of tokens. However , there exi sts a non-

l i near rel at i onshi p between phrases and correl ated phrases . These rel at i onshi ps are depi cted i n

Fi gure 1. As a �nal exampl e, each of the process i ng el ements has a set of propert i es that de�nes

the constrai nts on those el ements . The l exer , f or i nstance, takes as i nput the characters that repre-

sent the programtext and produces as output a sequence of tokens. Moreover , there i s an order i ng

correspondence between the tokens and the characters that must be preserved by the l exer . Agood

archi tectural descr i pt i on woul d capture these and other such propert i es and rel at i onshi ps .

Let us i l l ustrate thi s by f ormal l y descr i bi ng the rel at i onshi p between characters and tokens and

descr i bi ng the order- preservi ng property of the l exer . We begi n the descr i pt i on wi th a data vi ew

stated i n terms of sequences and di s j oi nt subsequences .

Let C = fc1; c2; : : : ; cmg be a s equence of char act er s r epr es ent i ng a s our ce t ext , Ci

j

i � j be a s ubs equence of C whos e e l ement s ar e al l t he e l ement s i n C between ci

and cj i nc l us i ve , T = ft1; t2; : : : ; tng be a s equence of t okens , and \�=" i ndi cat e t he

cor r es pondence between a t oken i n T and a s ubs equence of C. T i s s ai d t o preserve C

13



4 Examples

One of t he f ew s of twar e ar chi t ect ur al s tyl es t hat has achi eved wi des pr ead accept ance i s t ha

of t he mul t i - phas e compi l er . I t i s pr act i cal l y t he onl y s tyl e i n whi ch ever y s of twar e engi nee

expect ed t o have been t r ai ned. We r e l y on t hi s f ami l i ar i ty t o i l l us t r at e s ome of t he i ns i ght s t

we have gai ned i nt o s of twar e ar chi t ect ur es and t hei r des cr i pt i ons .

I n t hi s s ect i on we l ook at two compi l er ar chi t ect ur es of t he mul t i - phas e s tyl e :

� a compi l er t hat i s or gani zed s equent i al l y; and

� a compi l er t hat i s or gani zed as a s et of par al l e l pr oces s es connect ed by means of a s har e

i nt er nal r epr es ent at i on.

Becaus e of s pace l i mi t at i ons and f or pr es ent at i on pur pos es , our exampl es ar e s omewhat s i mpl i �e

and i deal i zed, wi t h many det ai l s i gnor ed. I n each cas e we f ocus on t he ar chi t ect ur al cons i der at i

t hat s eemt o be t he mos t i nt er es t i ng t o der i ve f r omthat par t i cul ar exampl e . (Of cour s e , ot he

exampl es of mul t i - phas e compi l er ar chi t ect ur es exi s t and we make no cl ai ms of exhaus t i ve cover ag

of t hi s ar chi t ect ur al l ands cape. ) Bef or e expl or i ng t hes e exampl es , we pr ovi de a br i e f r evi ewof t

common ar chi t ect ur al s tyl e .

4.1 The Mul ti-phase Archi tectural Styl e

Our s i mpl i �ed model of a compi l er di s t i ngui s hes �ve phas es : l exi cal anal ys i s , s ynt act i c anal

s emant i c anal ys i s , opt i mi zat i on, and code gener at i on. Lexi cal anal ys i s act s on charact ers i n

s our ce t ext t o pr oduce t okens f or s ynt act i c anal ys i s . Synt act i c anal ys i s pr oduces phrases t hat a

e i t her de�ni t i on phr as es or us e phr as es . Semant i c anal ys i s cor r e l at es us e phr as es wi t h de�ni t

phr as es | i . e . , each us e of a pr ogr amel ement s uch as an i dent i �er i s as s oc i at ed wi t h t he de�ni t i

f or t hat e l ement , r es ul t i ng i n correl at ed phrases. Opt i mi zat i on pr oduces annotat ions on cor r e l at ed

phr as es t hat ar e hi nt s us ed dur i ng gener at i on of object code. The opt i mi zat i on phas e i s cons i der ed

a pr ef er r ed, but not neces s ar y, as pect of t hi s s tyl e . Thus , t he mul t i - phas e s tyl e r ecogni zes

f ol l owi ng ar chi t ect ur al e l ement s :

processi ng el ement s: l exer , par s er , s emant or , opt i mi zer , and code gener at or ; and
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3. 3 Process/Data/Connector Interdependence

As ment i oned above, an i mpor t ant i ns i ght f r ombui l di ng ar chi t ect ur e i s t hat of mul t i pl e vi ews

Thr ee i mpor t ant vi ews i n s of twar e ar chi t ect ur e ar e t hos e of pr oces s i ng, dat a, and connect i ons . W

obs er ve t hat i f a pr oces s vi ew3 of an ar chi t ect ur e i s pr ovi ded, t he r es ul t i ng emphas i s i s on t he

dat a ow though t he pr oces s i ng e l ement s and on s ome as pect s of t he connect i ons between t he

pr oces s i ng e l ement s wi t h r es pect t o t he dat a e l ement s . Conver s e l y, i f a dat a vi ewof an ar chi t ect

i s pr ovi ded, t he r es ul t i ng emphas i s i s on t he pr oces s i ng ow, but wi t h l es s an emphas i s on t h

connect i ng e l ement s t han we have i n t he pr oces s vi ew. Whi l e t he cur r ent common wi s doms eems

t o put t he emphas i s on obj ect - or i ent ed ( t hat i s , dat a- or i ent ed) appr oaches , we bel i eve t hat al l t

vi ews ar e neces s ar y and us ef ul at t he ar chi t ect ur al l eve l .

We ar gue i nf ormal l y, i n t he f ol l owi ng way, t hat t her e i s a pr oces s and dat a i nt er dependence:

� t her e ar e s ome pr oper t i es t hat di s t i ngui s h one s t at e of t he dat a f r omanot her ; and

� t hos e pr oper t i es ar e t he r es ul t of s ome t r ans f ormat i on pr oduced by s ome pr oces s i ng e l ement .

Thes e two vi ews ar e t hus i nt er twi ned |each dependent on t he ot her f or at l eas t s ome of t he

i mpor t ant char act er i s t i cs of bot h dat a and pr oces s i ng. (For a mor e gener al di s cus s i on of pr oce

and dat a i nt er dependence, s ee [8]. )

The i nt er dependence of pr oces s i ng and dat a upon t he connect i ons i s mor e obvi ous : t he con-

nect i ng e l ement s ar e t he mechani sms f or movi ng dat a ar ound f r ompr oces s or t o pr oces s or . Becaus e

of t hi s act i vi ty upon t he dat a, t he connect i ng e l ement s wi l l neces s ar i l y have s ome of t he pr oper t

r equi r ed by t he dat a e l ement s i n pr ec i s e l y t he s ame way t hat pr oces s i ng e l ement s have s ome of t he

pr oper t i es r equi r ed by t he dat a e l ement s .

At t he ar chi t ect ur al l eve l , we need al l t hr ee vi ews and t he abi l i t y t o move f r ee l y and eas i

among t hem. Our exampl e i n t he next s ect i on pr ovi des i l l us t r at i ons of t hi s i nt er dependence an

howwe mi ght pr ovi de t hr ee di �er ent , but over l appi ng, vi ews .

3We use the dichotomy of process and data i nstead of function and object because these terms seemto be more

neutral. The l atter terms seemto suggest somethi ng more speci �c i n terms of programmi ng than the former.
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An under l yi ng, but i n a s ens e not an i nt egr al , par t of an ar chi t ect ur e i s t he rat i onal e f or t h

var i ous choi ces made i n de�ni ng an ar chi t ect ur e . The r at i onal e capt ur es t he mot i vat i on f or t h

choi ce of ar chi t ect ur al s tyl e , t he choi ce of e l ement s , and t he f orm. I n bui l di ng ar chi t ect ur e

r at i onal e expl i cat es t he under l yi ng phi l os ophi cal aes t het i cs t hat mot i vat e t he ar chi t ect . I n s o

ar chi t ect ur e , t he r at i onal e i ns t ead expl i cat es t he s at i s f act i on of t he s ys t emcons t r ai nt s , whi c

of t en der i ve f r omthe s ys t emr equi r ement s . I t makes t he connect i on between t he r equi r ement s and

t he char act er i s t i cs of t he s tyl es , e l ement s , and f orms .

3. 2 Archi tectural Styl e

I f ar chi t ect ur e i s a f ormal ar r angement of ar chi t ect ur al e l ement s , t hen ar chi t ect ur al s tyl e i

whi ch abs t r act s e l ement s and f ormal as pect s f r omvar i ous s pec i �c ar chi t ect ur es . An ar chi t ect ur

s tyl e i s l es s cons t r ai ned and l es s compl et e t han a s pec i �c ar chi t ect ur e . For exampl e , we mi g

t al k about a di st ri but ed st yl e or a mul t i -process st yl e. I n t hes e cas es , we concent r at e on onl y

cer t ai n as pect s of a s pec i �c ar chi t ect ur e : r e l at i ons hi ps between pr oces s i ng e l ement s and har dw

pr oces s or s , and cons t r ai nt s on t he e l ement s , r es pect i ve l y.

Gi ven t hi s de�ni t i on of ar chi t ect ur e and ar chi t ect ur al s tyl e , t her e i s no har d di vi di ng l i n

tween wher e ar chi t ect ur al s tyl e l eaves o� and ar chi t ect ur e begi ns . We have a cont i nuumi n whi ch

one per s on's ar chi t ect ur e may be anot her ' s ar chi t ect ur al s tyl e . Whet her i t i s an ar chi t ect ur e o

s tyl e depends i n s ome s ens e on t he us e . For exampl e , we pr opos e i n Sect i on 2. 3 t hat ar chi t ect ur a

s tyl es be us ed as cons t r ai nt s on an ar chi t ect ur e . Gi ven t hat we want t he ar chi t ect ur al s pec i �cat

t o be cons t r ai ned onl y t o t he l eve l des i r ed by t he ar chi t ect , i t coul d eas i l y happen t hat one per s

ar chi t ect ur e mi ght wel l be l es s cons t r ai ned t han anot her ' s ar chi t ect ur al s tyl e .

The i mpor t ant t hi ng about an ar chi t ect ur al s tyl e i s t hat i t encaps ul at es i mpor t ant dec i s i o

about t he ar chi t ect ur al e l ement s and emphas i zes i mpor t ant cons t r ai nt s on t he e l ement s and t hei

r e l at i ons hi ps . The us ef ul t hi ng about s tyl e i s t hat we can us e i t bot h t o cons t r ai n t he ar chi t ec

and t o coor di nat ed cooper at i ng ar chi t ect s . Mor eover , s tyl e embodi es t hos e dec i s i ons t hat s u�

er os i on and dr i f t . An emphas i s on s tyl e as a cons t r ai nt on t he ar chi t ect ur e pr ovi des a vi s i bi l i t

cer t ai n as pect s of t he ar chi t ect ur e s o t hat vi ol at i ons of t hos e as pect s and i ns ens i t i vi ty t o t he

be mor e obvi ous .
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The pr oces s i ng e l ement s ar e t hos e component s t hat s uppl y t he t r ans f ormat i on on t he dat a e l ement s ;

t he dat a e l ement s ar e t hos e t hat cont ai n t he i nf ormat i on t hat i s us ed and t r ans f ormed; t he con-

nect i ng e l ement s (whi ch at t i mes may be e i t her pr oces s i ng or dat a e l ement s , or bot h) ar e t he gl ue

t hat hol ds t he di �er ent pi eces of t he ar chi t ect ur e t oget her . For exampl e , pr ocedur e cal l s , s ha

dat a, and mes s ages ar e di �er ent exampl es of connect i ng e l ement s t hat s er ve t o \gl ue" ar chi t ect ur

e l ement s t oget her .

Cons i der t he exampl e of wat er pol o as a met aphor f or t he di �er ent c l as s es of e l ement s : t he

swi mmer s ar e t he pr oces s i ng e l ement s , t he bal l i s t he dat a e l ement , and wat er i s t he pr i mar y

connect i ng e l ement ( t he \gl ue") . Cons i der f ur t her t he s i mi l ar i t i es of wat er pol o, pol o, and s o

They al l have a s i mi l ar \ar chi t ect ur e" but di �er i n t he \gl ue" |that i s , t hey have s i mi l ar e l ement

s hapes and f orms , but di �er mai nl y i n t he cont ext i n whi ch t hey ar e pl ayed and i n t he way t hat

t he e l ement s ar e connect ed t oget her . We shal l s ee be l ow that t hes e connect i ng e l ement s pl ay a

f undament al par t i n di s t i ngui s hi ng one ar chi t ect ur e f r om anot her and may have an i mpor t ant

e�ect on t he char act er i s t i cs of a par t i cul ar ar chi t ect ur e or ar chi t ect ur al s tyl e .

The ar chi t ect ur al formcons i s t s of wei ght ed pr oper t i es and r e l at i ons hi ps . The wei ght i ng i ndi

cat es one of two t hi ngs : e i t her t he i mpor t ance of t he pr oper ty or t he r e l at i ons hi p, or t he neces

of s e l ect i ng among al t er nat i ves , s ome of whi ch may be pr ef er r ed over ot her s . The us e of wei ght i n

t o i ndi cat e i mpor t ance enabl es t he ar chi t ect t o di s t i ngui s h between \l oad- bear i ng" and \decor

t i ve" f ormal as pect s ; t he us e of wei ght i ng t o i ndi cat e al t er nat i ves enabl es t he des i gner t o cons

t he choi ce whi l e gi vi ng a degr ee of l at i t ude t o t he des i gner s who mus t s at i s f y and i mpl ement t h

ar chi t ect ur e .

Propert i es ar e us ed t o cons t r ai n t he choi ce of ar chi t ect ur al e l ement s |that i s , t he pr oper t i

ar e us ed t o de�ne cons t r ai nt s on t he e l ement s t o t he degr ee des i r ed by t he ar chi t ect . Pr oper t i

de�ne t he mi ni mumdes i r ed cons t r ai nt s unl es s ot herwi s e s t at ed |that i s , t he def aul t on cons t r ai nt

de�ned by pr oper t i es i s : \what i s not cons t r ai ned by t he ar chi t ect may t ake any f ormdes i r ed by

t he des i gner or i mpl ement er ".

Rel at i onshi ps ar e us ed t o cons t r ai n t he \pl acement " of ar chi t ect ur al e l ement s |that i s , t hey

cons t r ai n howthe di �er ent e l ement s may i nt er act and howthey ar e or gani zed wi t h r es pect t o each

ot her i n t he ar chi t ect ur e . As wi t h pr oper t i es , r e l at i ons hi ps de�ne t he mi ni mumdes i r ed cons t r ai

unl es s ot herwi s e s t at ed.
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� Separat e aesthet i cs f romengi neeri ng |that i s , i ndi cat e what i s \l oad- bear i ng" f r omwhat

i s \decor at i on". Thi s s epar at i on enabl es us t o avoi d t he ki nds of changes t hat r es ul t i

ar chi t ect ur al er os i on.

� Express di �erent aspect s of t he archi t ecture i n an appropri at e manner |that i s , des cr i be

di �er ent par t s of t he ar chi t ect ur e i n an appr opr i at e vi ew.

� Perf ormdependency and consi st ency anal ysi s |that i s , det ermi ne t he i nt er dependenci es

between ar chi t ect ur e , r equi r ement s and des i gn; det ermi ne i nt er dependenci es between var i ou

par t s of t he ar chi t ect ur e ; and det ermi ne t he cons i s t ency, or l ack of i t , between ar chi t ect

s tyl es , between s tyl es and ar chi t ect ur e , and between ar chi t ect ur al e l ement s .

3 Model of Sof tware Archi tecture

I n Sect i on 2 we us e t he �el d of bui l di ng ar chi t ect ur e t o pr ovi de a number of i ns i ght s i nt o wha

s of twar e ar chi t ect ur e mi ght be. The concept of bui l di ng ar chi t ect ur e t hat we appeal t o i s t hat

t he s t andar d de�ni t i on: \The art or sci ence of bui l di ng: especi al l y desi gni ng and bui l di ng habi t al

st ructures" [ 9] . Per haps mor e r e l evant t o our needs her e i s a s econdar y de�ni t i on: \A uni f yi ng or

coherent f ormor st ructure" [ 9] . I t i s t hi s s ens e of ar chi t ect ur e |pr ovi di ng a uni f yi ng or coher ent

f ormor s t r uct ur e |that i nf us es our model of s of twar e ar chi t ect ur e .

We �r s t pr es ent our model of s of twar e ar chi t ect ur e , i nt r oduce t he not i on of s of twar e ar chi t e

t ur al s tyl e , and di s cus s t he i nt er dependence of pr oces s i ng, dat a, and connect or vi ews .

3. 1 The Model

By anal ogy t o bui l di ng ar chi t ect ur e , we pr opos e t he f ol l owi ng model of s of twar e ar chi t ect ur e

Sof twar e Ar chi t ect ur e =f El ement s , Form, Rat i onal e g

That i s , a s of twar e ar chi t ect ur e i s a s et of ar chi t ect ur al ( or , i f you wi l l , des i gn) e l ement s t ha

a par t i cul ar f orm.

We di s t i ngui s h t hr ee di �er ent c l as s es of ar chi t ect ur al el ement s :

� pr oces s i ng e l ement s ;

� dat a e l ement s ; and

� connect i ng e l ement s .
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adapt ed t o new us es , j us t as bui l di ngs change over t i me and ar e adapt ed t o new us es . One f r e-

quent l y accompanyi ng pr oper ty of evol ut i on i s an i ncr eas i ng br i t t l enes s of t he s ys t em|that i

an i ncr eas i ng r es i s t ance t o change, or at l eas t t o changi ng gr acef ul l y [ 3] . Thi s i s due i n par t t

ar chi t ect ur al pr obl ems : archi t ectural erosi on and archi t ectural dri f t . Ar chi t ect ur al er os i on i s due t

vi ol at i ons of t he ar chi t ect ur e . Thes e vi ol at i ons of t en l ead t o an i ncr eas e i n pr obl ems i n t he s y

and cont r i but e t o t he i ncr eas i ng br i t t l enes s of a s ys t em|f or exampl e , r emovi ng l oad- bear i ng wal

of t en l eads t o di s as t r ous r es ul t s . Ar chi t ect ur al dr i f t i s due t o i ns ens i t i vi ty about t he ar chi

Thi s i ns ens i t i vi ty l eads mor e t o i nadapt abi l i t y t han t o di s as t er s and r es ul t s i n a l ack of coher

and cl ar i ty of f orm, whi ch i n t ur n makes i t much eas i er t o vi ol at e t he ar chi t ect ur e t hat has no

become mor e obs cur ed.

Cus t omi zat i on i s an i mpor t ant f act or i n s of twar e ar chi t ect ur e , not becaus e of pr obl ems t ha

i t caus es , but becaus e of t he l ack of ar chi t ect ur al mat ur i ty t hat i t i ndi cat es . I n bui l di ng s of

s ys t ems , we ar e s t i l l at t he s t age of r ecr eat i ng ever y des i gn e l ement f or each new ar chi t ect u

We have not yet ar r i ved at t he s t age wher e we have a s t andar d s et of ar chi t ect ur al s tyl es wi t h

t he i r accompanyi ng des i gn e l ement s and f ormal ar r angement s . Each s ys t emi s , i n es s ence, a new

ar chi t ect ur e , a new ar chi t ect ur al s tyl e . The pr es ens e of ubi qui t ous cus t omi zat i on i ndi cat es

t her e i s a gener al need f or codi �cat i on |that i s , t her e i s a need f or ar chi t ect ur al t empl at es

var i ous ar chi t ect ur al s tyl es . For t he s t andar d par t s of a s ys t emi n a par t i cul ar s tyl e , t he ar ch

can s e l ect f r oma s et of wel l - known and under s t ood el ement s and us e t hemi n ways appr opr i at e t o

t he des i r ed ar chi t ect ur e . Thi s us e of s t andar d t empl at es f or ar chi t ect ur al e l ement s t hen f r ees

ar chi t ect t o concent r at e on t hos e e l ement s wher e cus t omi zat i on i s cr uc i al .

Gi ven our char act er i zat i on of ar chi t ect ur e and mot i vat i ng pr obl ems , t her e ar e a number of

t hi ngs t hat we want t o be abl e t o do wi t h an ar chi t ect ur al s pec i �cat i on:

� Prescri be the archi t ectural const rai nt s t o the desi red l evel |that i s , i ndi cat e t he des i r ed

r es t r i ct i venes s or permi s s i venes s , det ermi ne t he des i r ed l eve l of gener al i ty or par t i cu

de�ne what i s neces s i ty and what i s l uxur y, and pi n- poi nt t he degr ee of r e l at i venes s and

abs ol ut enes s . We want a means of s uppor t i ng a \pr i nc i pl e of l eas t cons t r ai nt " t o be abl e t o

t o expr es s onl y t hos e cons t r ai nt s i n t he ar chi t ect ur e t hat ar e neces s ar y at t he ar chi t ect u

l eve l of t he s ys t emdes cr i pt i on. Thi s i s an i mpor t ant depar t ur e f r omcur r ent pr act i ce t ha

i ns t ead of s pec i f yi ng t he cons t r ai nt s , s uppl i es s pec i �c s ol ut i ons t hat embody t hos e des i

cons t r ai nt s .
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pr oduct .

We char act er i ze t he di �er ent par t s of t he s of twar e pr oduct by t he ki nds of t hi ngs t hat ar e

i mpor t ant f or t hat par t |the ki nds of ent i t i es , t he i r pr oper t i es and r e l at i ons hi ps t hat ar e i mpor

at t hat l eve l , and t he ki nds of dec i s i on and eval uat i on cr i t er i a t hat ar e r e l evant at t hat l eve l

� requi rement s ar e concer ned wi t h t he det ermi nat i on of t he i nf ormat i on, pr oces s i ng, and t he

char act er i s t i cs of t hat i nf ormat i on and pr oces s i ng needed by t he us er of t he s ys t em;2

� archi t ecture i s concer ned wi t h t he s e l ect i on of ar chi t ect ur al e l ement s , t he i r i nt er act i ons ,

t he cons t r ai nt s on t hos e e l ement s and t hei r i nt er act i ons neces s ar y t o pr ovi de a f r amewor k i

whi ch t o s at i s f y t he r equi r ement s and s er ve as a bas i s f or t he des i gn;

� desi gn i s concer ned wi t h t he modul ar i zat i on and det ai l ed i nt er f aces of t he des i gn e l ement s

t he i r al gor i t hms and pr ocedur es , and t he dat a types needed t o s uppor t t he ar chi t ect ur e and

t o s at i s f y t he r equi r ement s ; and

� impl ementat i on i s concer ned wi t h t he r epr es ent at i ons of t he al gor i t hms and dat a types t hat

s at i s f y t he des i gn, ar chi t ect ur e , and r equi r ement s .

The di �er ent par t s of a par t i cul ar pr oduct ar e by no means as s i mpl e as t hi s char act er i zat i on. Ther

i s a cont i nuumof pos s i bl e choi ces of model s , abs t r act i ons , t r ans f ormat i ons , and r epr es ent at i

We s i mpl i f y t hi s cont i nuumi nt o f our di s cr et e par t s pr i mar i l y t o pr ovi de an i nt ui t i on about ho

ar chi t ect ur e i s r e l at ed t o t he r equi r ement s and des i gn of a s of twar e s ys t em.

I t s houl d be not ed t hat t her e ar e s ome devel opment par adi gms t o whi ch our char act er i zat i on

wi l l not appl y |f or exampl e , t he expl or at or y pr ogr ammi ng par adi gmof t en f ound i n AI r es ear ch.

However , our char act er i zat i on r epr es ent s a wi de var i ety of deve l opment and evol ut i onar y par adi gm

us ed i n t he cr eat i on of pr oduct i on s of twar e, and del i neat es an i mpor t ant , and hi t her t o under co

s i der ed, par t of a uni �ed s of twar e pr oduct [ 12] .

2. 3 Moti vati on f or Archi tectural Speci �cati ons

Ther e ar e a number of f act or s t hat cont r i but e t o t he hi gh cos t of s of twar e. Two f act or s t hat

ar e i mpor t ant t o s of twar e ar chi t ect ur e ar e evol ut i on and cus t omi zat i on. Sys t ems evol ve and ar

2Note that the noti on of requi rements presented here i s an i deal i sti c one. In practi ce, requi rements are not so

\pure"; they of ten contai n constrai nts on the archi tecture of a system, constrai nts on the systemdesi gn, and even

constrai nts on the i mpl ementati on.
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The not i on of ar chi t ect ur al s tyl e i s par t i cul ar l y us ef ul f r ombot h des cr i pt i ve and pr es cr i

poi nt s of vi ew. Des cr i pt i ve l y, ar chi t ect ur al s tyl e de�nes a par t i cul ar codi �cat i on of des i gn e l

and f ormal ar r angement s . Pr es cr i pt i ve l y, s tyl e l i mi t s t he ki nds of des i gn e l ement s and t hei r f or

ar r angement s . That i s , an ar chi t ect ur al s tyl e cons t r ai ns bot h t he des i gn e l ement s and t he f orm

r el at i ons hi ps among t he des i gn e l ement s . Anal ogous l y, we s hal l �nd t hi s a mos t us ef ul concept i

s of twar e ar chi t ect ur e .

Of ext r eme i mpor t ance i s t he r e l at i ons hi p between engi neer i ng pr i nc i pl es and ar chi t ect ur

s tyl e ( and, of cour s e , ar chi t ect ur e i t s e l f ) . For exampl e , one does not get t he l i ght , ai r y f ee l

per pendi cul ar s tyl e as exempl i �ed i n t he chapel at Ki ng' s Col l ege , Cambr i dge, f r omr omanes que

engi neer i ng. Di �er ent engi neer i ng pr i nc i pl es ar e needed t o move f r omthe mas s i venes s of t he r

manes que t o l i ght nes s of t he per pendi cul ar . I t i s not j us t a mat t er of aes t het i cs . Thi s r e l at i on

between engi neer i ng pr i nc i pl es and s of twar e ar chi t ect ur e i s al s o of f undament al i mpor t ance.

Fi nal l y, t he r e l at i ons hi p between ar chi t ect ur al s tyl e and mat er i al s i s of cr i t i cal i mpor t

The mat er i al s have cer t ai n pr oper t i es t hat ar e expl oi t ed i n pr ovi di ng a par t i cul ar s tyl e . One m

combi ne s t r uct ur al wi t h aes t het i c us es of mat er i al s , s uch as t hat f ound i n t he pos t and beam

cons t r uct i on of t udor - s tyl e hous es . However , one does not bui l d a s kys cr aper wi t h wooden pos t s

and beams . The mat er i al as pect s of t he des i gn e l ement s pr ovi de bot h aes t het i c and engi neer i ng

bas es f or an ar chi t ect ur e . Agai n, t hi s r e l at i ons hi p i s of cr i t i cal i mpor t ance i n s of twar e ar chi t

Thus , we �nd i n bui l di ng ar chi t ect ur e s ome f undament al i ns i ght s about s of twar e ar chi t ect ur e

mul t i pl e vi ews ar e needed t o emphas i ze and t o under s t and di �er ent as pect s of t he ar chi t ect ur e

s tyl es ar e a cogent and i mpor t ant f ormof codi �cat i on t hat can be us ed bot h des cr i pt i ve l y and

pr es cr i pt i ve l y; and, engi neer i ng pr i nc i pl es and mat er i al pr oper t i es ar e of f undament al i mpor t

i n t he devel opment and s uppor t of a par t i cul ar ar chi t ect ur e and ar chi t ect ur al s tyl e .

2. 2 The Context of Archi tecture

Bef or e di s cus s i ng our mot i vat i on f or s of twar e ar chi t ect ur e s pec i �cat i ons , we pos i t a char act

zat i on of ar chi t ect ur e i n t he cont ext of t he ent i r e s of twar e pr oduct . Not e t hat we do not mean t

i mpl y anyt hi ng about t he par t i cul ar pr oces s by whi ch t hi s pr oduct i s cr eat ed |though of cour s e

t her e may be i mpl i cat i ons about t he pr oces s t hat ar e i nher ent i n our vi ew. Our pur pos e i s pr i

mar i l y t o pr ovi de a cont ext f or ar chi t ect ur e i n what woul d be cons i der ed a f ai r l y s t andar d s of twa
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I t i s cer t ai nl y t he cas e t hat we can abs t r act t o a s i mi l ar l eve l i n s of twar e ar chi t ect ur e |f or exam

pr oces s es and i nt epr oces s communi cat i on. However , r at her t han a f ewt opol ogi es t o cons i der , t her

ar e an exceedi ngl y l ar ge number of pos s i bl e t opol ogi es and t hos e t opol ogi es gener al l y go wi t ho

names . Mor eover , we emphas i ze as pect s di �er ent f r omthe t opol ogy of t he nodes and connect i ons .

We cons i der i ns t ead s uch mat t er s as t he pl acement of pr oces s es ( e . g. , di st ri but ed ar chi t ect ur es )

t he ki nds of i nt er pr oces s communi cat i on ( e . g. , message passi ng ar chi t ect ur es ) .

Thus , we do not bene�t much f r omus i ng networ ks as an anal ogy f or s of twar e ar chi t ect ur e , even

t hough we can l ook at ar chi t ect ur al e l ement s f r oma s i mi l ar l eve l of abs t r act i on.

2.1.3 BuildingArchitecture

The cl as s i cal �e l d of ar chi t ect ur e pr ovi des s ome of t he mor e i nt er es t i ng i ns i ght s f or s of twar

chi t ect ur e . Whi l e t he s ubj ect mat t er f or t he two i s qui t e di �er ent , t her e ar e a number of i nt er es t

ar chi t ect ur al poi nt s i n bui l di ng ar chi t ect ur e t hat ar e s ugges t i ve f or s of twar e ar chi t ect ur e :

� mul t i pl e vi ews ;

� ar chi t ect ur al s tyl es ;

� s tyl e and engi neer i ng; and

� s tyl e and mat er i al s .

Abui l di ng ar chi t ect wor ks wi t h t he cus t omer by means of a number of di �er ent vi ews i n whi ch

s ome par t i cul ar as pect of t he bui l di ng i s emphas i zed. For exampl e , t her e ar e e l evat i ons and o

pl ans t hat gi ve t he ext er i or vi ews and \t op- down" vi ews , r es pect i ve l y. The e l evat i on vi ews ma

be s uppl ement ed by cont ext ual dr awi ngs or even s cal e model s t o pr ovi de t he cus t omer wi t h t he

l ook of t he bui l di ng i n i t s cont ext . For t he bui l der , t he ar chi t ect pr ovi des t he s ame oor pl ans

addi t i onal s t r uct ur al vi ews t hat pr ovi de an i mmens e amount of det ai l about var i ous expl i c i t des i

cons i der at i ons s uch as e l ect r i cal wi r i ng, pl umbi ng, heat i ng, and ai r - condi t i oni ng.

Anal ogous l y, t he s of twar e ar chi t ect needs a number of di �er ent vi ews of t he s of twar e ar chi t ect u

f or t he var i ous us es and us er s . At pr es ent we make do wi t h onl y one vi ew: t he i mpl ement at i on. I n

a r eal s ens e , t he i mpl ement at i on i s l i ke a bui l der s det ai l ed vi ew|that i s , l i ke a bui l di ng wi t

s ki n i n whi ch al l t he det ai l s ar e vi s i bl e . I t i s ver y di �cul t t o abs t r act t he des i gn and ar chi t

of t he s ys t emf r omal l t he det ai l s . (Cons i der t he Pompi dou Cent er i n Par i s as an exampl e . )
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2.1.1 ComputingHardwareArchitecture

Ther e ar e s ever al di �er ent appr oaches t o har dwar e ar chi t ect ur e t hat ar e di s t i ngui s hed by t h

as pect of t he har dwar e t hat i s emphas i zed. RISC machi nes ar e exampl es of a har dwar e ar chi -

t ect ur e t hat emphas i zes t he i ns t r uct i on s et as t he i mpor t ant f eat ur e . Pi pel i ned machi nes and

mul t i -processor machi nes ar e exampl es of har dwar e ar chi t ect ur es t hat emphas i ze t he con�gur at i on

of ar chi t ect ur al pi eces of t he har dwar e.

Ther e ar e two i nt er es t i ng f eat ur es of t he s econd appr oach t o har dwar e ar chi t ect ur e t hat ar e

i mpor t ant i n our cons i der at i on of s of twar e ar chi t ect ur e :

� t her e ar e a r e l at i ve l y smal l number of des i gn e l ement s ; and

� s cal e i s achi eved by r epl i cat i on of t hes e des i gn e l ement s .

Thi s cont r as t s wi t h s of twar e ar chi t ect ur e , wher e t her e i s an exceedi ngl y l ar ge number of pos s i

des i gn e l ement s . Fur t her , s cal e i s achi eved not by r epl i cat i ng des i gn e l ement s , but by addi ng mo

di s t i nct des i gn e l ement s . However , t her e ar e s ome s i mi l ar i t i es : we of t en or gani ze and con�gu

s of twar e ar chi t ect ur es i n ways anal ogous t o t he har dwar e ar chi t ect ur es ment i oned above. For

exampl e , we cr eat e mul t i - pr oces s s of twar e s ys t ems and us e pi pe l i ned pr oces s i ng.

Thus , t he i mpor t ant i ns i ght f r omthi s di s cus s i on i s t hat t her e ar e f undament al and i mpor t ant

di �er ences between t he two ki nds of ar chi t ect ur e . Becaus e of t hes e di �er ences , i t i s s omewhat i r o

t hat we of t en pr es ent s of twar e ar chi t ect ur e i n har dwar e- l i ke t erms .

2.1.2 Network Architecture

Networ k ar chi t ect ur es ar e achi eved by abs t r act i ng t he des i gn e l ement s of a networ k i nt o nodes

and connect i ons and by nami ng t he ki nds of r e l at i ons hi ps t hat t hes e two el ement s have t o each

ot her . Thus we get star networ ks , ri ng networ ks , and manhat tan st reet networ ks as exampl es of

named networ k ar chi t ect ur es .

The two i nt er es t i ng ar chi t ect ur al poi nt s about networ k ar chi t ect ur e ar e :

� t her e ar e two component s |nodes and connect i ons ; and

� t her e ar e onl y a f ew t opol ogi es t hat ar e cons i der ed.
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3) ar chi t ect ur e as an e�ect i ve bas i s f or r eus e ; and 4) ar chi t ect ur e as t he bas i s f or dependency

cons i s t ency anal ys i s .

Thus , t he pr i mar y obj ect of our r es ear ch i s s uppor t f or t he devel opment and us e of s of twar e

ar chi t ect ur e s pec i �cat i ons . Thi s paper i s i nt ended t o bui l d t he f oundat i on f or f ut ur e r es ear c

s of twar e ar chi t ect ur e . We begi n i n Sect i on 2 by devel opi ng an i nt ui t i on about s of twar e ar chi t ect u

agai ns t t he backgr ound of wel l - es t abl i s hed di s c i pl i nes s uch as har dwar e, networ k, and bui l di

ar chi t ect ur e , es t abl i s h t he cont ext of s of twar e ar chi t ect ur e , and pr ovi de t he mot i vat i on f or

appr oach. I n Sect i on 3, we pr opos e a model f or , and a char act er i zat i on of , s of twar e ar chi t ect u

and s of twar e ar chi t ect ur al s tyl es . Next , i n Sect i on 4, we di s cus s an eas i l y under s t ood exampl e

e l i c i t s ome i mpor t ant as pect s of s of twar e ar chi t ect ur e and t o del i neat e r equi r ement s f or a s of tw

ar chi t ect ur e not at i on. I n Sect i on 5, we el abor at e on two of t he maj or bene�t s of our appr oach t o

s of twar e ar chi t ect ur e . We concl ude, i n Sect i on 6, by s ummar i z i ng t he maj or poi nt s made i n t hi s

paper and cons i der i ng r e l at ed wor k.

2 Intui t i on, Context, and Moti vati on

Bef or e pr es ent i ng our model of s of twar e ar chi t ect ur e , we l ay t he phi l os ophi cal f oundat i ons f o

by: 1) deve l opi ng an i nt ui t i on about s of twar e ar chi t ect ur e t hr ough anal ogi es t o exi s t i ng di s c i pl

2) pr opos i ng a cont ext f or s of twar e ar chi t ect ur e i n a mul t i - l eve l pr oduct par adi gm; and 3) pr ovi di

s ome mot i vat i on f or s of twar e ar chi t ect ur e as a s epar at e di s c i pl i ne .

2. 1 Devel opi ng an Intui t i on about Sof tware Archi tecture

I t i s i nt er es t i ng t o not e t hat we do not have named s of twar e ar chi t ect ur es . We have s ome

i nt ui t i on t hat t her e ar e di �er ent ki nds of s of twar e ar chi t ect ur es , but we have not f ormal i zed,

i ns t i t ut i onal i zed, t hem. I t i s our c l ai mthat i t i s becaus e t her e ar e s o many s of twar e ar chi t ect

not becaus e t her e ar e s o f ew, t hat t he pr es ent s t at e of a�ai r s exi s t s . I n t hi s s ect i on we l ook

s ever al ar chi t ect ur al di s c i pl i nes i n or der t o devel op our i nt ui t i on about s of twar e ar chi t ect ur

l ook at har dwar e and networ k ar chi t ect ur e becaus e t hey have t r adi t i onal l y been cons i der ed s our ce

of i deas f or s of twar e ar chi t ect ur e ; we l ook at bui l di ng ar chi t ect ur e becaus e i t i s t he \c l as

ar chi t ect ur al di s c i pl i ne .
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1 Introducti on

Sof tware desi gn r ece i ved a gr eat deal of at t ent i on by r es ear cher s i n t he 1970s . Thi s r es ear ch

ar os e i n r es pons e t o t he uni que pr obl ems of deve l opi ng l ar ge- s cal e s of twar e s ys t ems �r s t r ecogni

i n t he 1960s [ 3] . The pr emi s e of t he r es ear ch was t hat des i gn i s an act i vi ty s epar at e f r omi mpl

ment at i on, r equi r i ng s pec i al not at i ons , t echni ques , and t ool s [ 2, 7, 14] . The r es ul t s of t hi s s o

des i gn r es ear ch has now begun t o make i nr oads i nt o t he mar ket pl ace as comput er - ai ded s of twar e

engi neer i ng (CASE) t ool s [ 5] .

I n t he 1980s , t he f ocus of s of twar e engi neer i ng r es ear ch moved away f r om sof twar e des i gn

s pec i �cal l y and mor e t owar d i nt egr at i ng des i gns and t he des i gn pr oces s i nt o t he br oader cont ex

of t he s of twar e pr oces s and i t s management . One r es ul t of t hi s i nt egr at i on was t hat many of t he

not at i ons and t echni ques deve l oped f or s of twar e des i gn have been abs or bed by i mpl ement at i on

l anguages . Cons i der , f or exampl e , t he concept of s uppor t i ng \pr ogr ammmi ng- i n- t he- l ar ge". Thi

i nt egr at i on has t ended t o bl ur , i f not conf us e , t he di s t i nct i on between des i gn and i mpl ement at i

The 1980s al s o s aw gr eat advances i n our abi l i t y t o des cr i be and anal yze s of twar e s ys t ems .

We r ef er her e t o s uch t hi ngs as f ormal des cr i pt i ve t echni ques and s ophi s t i cat ed not i ons of typi

t hat enabl e us t o r eas on mor e e�ect i ve l y about s of twar e s ys t ems . For exampl e , we ar e abl e t o

r eas on about \cons i s t ency" and \i ncons i s t ency" mor e e�ect i ve l y and we ar e abl e t o t al k about

\type conf ormance"1 r at her t han j us t \type equi val ence".

The 1990s , we bel i eve , wi l l be t he decade of sof tware archi t ecture. We us e t he t erm\ar chi -

t ect ur e", i n cont r as t t o \des i gn", t o evoke not i ons of codi �cat i on, of abs t r act i on, of s t andar d

f ormal t r ai ni ng ( of s of twar e ar chi t ect s ) , and of s tyl e . Whi l e t her e has been s ome wor k i n de�ni

par t i cul ar s of twar e ar chi t ect ur es ( e . g. , [ 16, 19] ) , and even s ome wor k i n devel opi ng gener al s up

f or t he pr oces s of deve l opi ng ar chi t ect ur es ( not abl y Sara [ 6] ) , i t i s t i me t o r eexami ne t he r ol

ar chi t ect ur e i n t he br oader cont ext of t he s of twar e pr oces s and s of twar e pr oces s management , a

wel l as t o mar s hal t he var i ous new t echni ques t hat have been devel oped.

Some of t he bene�t s we expect t o gai n f r omthe emer gence of s of twar e ar chi t ect ur e as a maj or

di s c i pl i ne ar e : 1) ar chi t ect ur e as t he f r amewor k f or s at i s f yi ng r equi r ement s ; 2) ar chi t ect ur e

t echni cal bas i s f or des i gn and as t he manager i al bas i s f or cos t es t i mat i on and pr oces s managment

1Conformance i s used to descri be the rel ati onshi p between types and subtypes.
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ABSTRACT

The pur pos e of t hi s paper i s t o bui l d t he f oundat i on f or s of twar e ar chi t ect ur e . We �r s t deve l o

an i nt ui t i on f or s of twar e ar chi t ect ur e by appeal i ng t o s ever al wel l - es t abl i s hed ar chi t ect ur al

pl i nes . On t he bas i s of t hi s i nt ui t i on, we pr es ent a model of s of twar e ar chi t ect ur e t hat cons

of t hr ee component s : e l ement s , f orm, and r at i onal e . El ement s ar e e i t her pr oces s i ng, dat a, or c

nect i ng e l ement s . Formi s de�ned i n t erms of t he pr oper t i es of , and t he r e l at i ons hi ps among, t h

e l ement s |that i s , t he cons t r ai nt s on t he e l ement s . The r at i onal e pr ovi des t he under l yi ng bas

f or t he ar chi t ect ur e i n t erms of t he s ys t emcons t r ai nt s , whi ch mos t of t en der i ve f r omthe s ys t e

r equi r ement s . We di s cus s t he component s of t he model i n t he cont ext of bot h ar chi t ect ur es and

ar chi t ect ur al s tyl es and pr es ent an ext ended exampl e t o i l l us t r at e s ome i mpor t ant ar chi t ect ur e a

s tyl e cons i der at i ons . We concl ude by pr es ent i ng s ome of t he bene�t s of our appr oach t o s of twar e

ar chi t ect ur e , s ummar i z i ng our cont r i but i ons , and r e l at i ng our appr oach t o ot her cur r ent wor k.
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