Streams: attern for \Pull-Driv en" Pro cessing Stephen H. Edw ards Departmen of Computer and Information Science The Ohio State Univ e rsit 2036 Neil Av en ue Mall Colum bus, OH 43210 el: (614) 447{980 E-mail: edw ards@cis.ohio-state.edu Ma 15, 1994 attern Name: Streams Problem This pattern allo ws the soft are designer to concen trate on the data o of complex piece of soft are without concern for the tec hniques individual comp onen ts will use to distribute the computational burden. One can uniforml comp ose and reason ab out abstractions or \ob jecti�ed" program fragmen ts ob eying this pattern, while they ma eac use ery di�eren con trol strategies and represen tations in ternally Con text The pattern applies to most imp erativ languages, including ob ject-orien ted and ob ject-based languages. Streams are most e�ectiv when the arc hitecture of soft are subsystem is est captured highligh ting the data o within it. Th us, streams ork naturally with \pip and �lter" st yle conceptual mo dels of program op eration. Streams ma more di�cult to use within soft a re subsystems that ha one or more of the follo wi ng prop erties AA G93 G92 ]: The data o within the subsystem is highly dynamic and constan tly hanging. The subsystem is highly in teractiv e, reactiv e, or ev en t-driv en, lik GUI The pro cessing elemen ts (\�lters") under consideration are highly parameterized, and these parameter settings hange er time. orces The follo wi ng ey issues ust considered when addressing the problem of ho to structure soft are so that comp osabilit is main tai ned while decisions ab out computational approac hes and strategies are deferred: What comm unications mec hanism will used et een comp onen ts in the subsystem? Ho will the o of informa tion et een soft a re comp onen ts represe ted in the arc hitecture? Ho will con trol o et een the soft a re comp onen ts represen ted in the arc hitecture? This ork is supp orte in part the National Science oundat ion CCR-9111892 and CCR-9311702; the Adv ance Researc Pro jects Agency under ARP con t rac um er F30602-93 -C-024 3, monitored the USAF Materiel Command, Rome Lab orator ies, ARP order um er A714; and the Graduate Sc ho o of the Ohio State Univ ersit Di�eren comp onen ts within the subsystem ma ho ose ery di�eren pro cessing strategies, suc as precomputation, partial precomputation and bu�ering, demand-driv en computation, etc. If di�eren comp onen ts ho ose di�eren strategies, ho will those hoices a�ect comp onen in terfaces? Data o among the comp onen ts? Con trol o w? Ho will comp osabilit of indep enden or semi-indep enden comp onen ts ac hiev ed? Ho will the designer able to reason ab out comp ositions? Solution Mo del eac comp onen in the subsystem as stream of data ob jects. An informa description of stream is just \an ordered sequence of ob jects, all of the same yp e, and with distinguished oin represe ting the curren osition within the sequence." More formal ly can mathema ticall mo del stream of ob jects of yp Item as an ordered pair, where eac comp onen is string of Item s. If call these string comp onen ts the past and future of stream the en tire con ten of stream is s.past s.future and the division et een these substrings represen ts cursor oin ting to the curren osition within the stream. This mo del can then extended to encompass the notion of \op en" ersus \closed" streams as sho wn elo w, ermitting stream to ha alue that denotes the equiv alence class of all \closed" streams. It is to restrictiv e, ho ev er, to require ev ery class or yp ob eying the stream pattern to ha this abstract state mo del. All that is really necessary is that programm er using an ob ject from suc class able to reason ab out it as if it had the ab structure, without getting in to an trouble. this end, streams will describ ed here as \commo in terface mo del" with the follo w ing de�nition: common model Stream_Model schema context parametric context type Item interpretation context math function INITIAL_STR EAM math[concrete [Stre am]] concept schema interface type family Stream is modeled by bottom union past string of math[Item] future string of math[Item] exemplar initializat ion ensures concrete[s] INITIAL_STRE AM operation Read_Item alters Stream produces Item requires /= bottom and Here, is used as shorthand for the concaten ati on op eration on mathema tic al strings. s.future /= empty_string ensures /= bottom and s.past #s.past <x> and <x> s.future #s.future operation Test_If_Open preserves Stream boolean ensures Test_If_Ope iff /= bottom operation Test_If_EOS preserves Stream boolean requires /= bottom ensures Test_If_EOS iff s.future empty_strin end Input_Stream_ Model The Input Stream Model CIM de�nes the pattern for input streams. Output streams are the same, with the Read Item op eration replaced the follo wing Write Item op eration: operation Write_Item alters Stream consumes Item requires /= bottom ensures /= bottom and s.past #s.past <x> and s.future #s.future As one ould exp ect, bidirectional streams sim ul taneously pro vide all the features of oth input and output streams. An Example ok enizing haracter data is simple example of where one migh use stream. In C++: class Token }; class TokenStream public: TokenStream() ~TokenStream( ); // The basic operations for all input streams: Token Read_Item (); // Requires: stream is open, and there’s more Boolean Test_If_Op en (); // Legal any time Boolean Test_If_EO (); // Requires: stream is open // Additional operations for this type of stream: void Open (CharStream& seed); // Consumes the seed, returning an // initial value--the seed should NOT be // shared void Close (); // Requires: stream is open }; Giv en some Token class, TokenStream is an (initially empt y) sequence of suc Token s. The sequence ma \�lled" calling the Open metho d, whic tak es CharStream (a stream of haracters) as input. This haracter input stream is \consumed," or used up to create the new alue of the ok enStream. Then Read Item() and the arious tests can called to retriev individual Token s, one at time. Note that one could actually de�ne this class as an abstract base class, and create sev eral alternativ implem en tatio ns. In addition to ha ving di�eren in ternal represen tations, these alternativ es migh di�er in ho they actually erform the tok enizing. The actual ork could distributed among the Open Read Item and Test If EOS in man ossible ys. The actual strategy used, ho ev er, is completely hidden from the user and do es not a�ect the class in terface. orce esolution The pattern balances the arious tradeo�s in olv ed promoting the data o among soft are parts to the primary arc hitectural feature. This mak es the resulting arc hitecture transparen to hoices ab out con trol o and computational strategies. It also pro vides simple mo del of comp osition whic supp orts the informal (and ev en formal reasoning e�orts of designers and implem en ters. Sp eci�cally the forces describ ed ab are resolv ed as follo ws: Comm uni cations mec hanism s: streams ecome the \c hannels" through whic soft are comp onen ts comm unicate, and are th us the sole comm uni cation mec hanism Data o is explicitly represe ted in the arc hitecture, sho wing the \wiring pattern" of the streams in ol ed. Con trol o is not represen ted at the arc hitectural lev el at all, and is instead an in ternal feature of eac distinct stream abstraction. Because con trol o is hidden within the stream abstractions, eac distinct yp of stream can ho ose an arbitrary pro cessing strategy for an of the metho d(s) it supp orts. All suc decisions are completely transparen to the arc hitecture, and th us ha no a�ect on the in terfaces et een comp onen ts or the erall o of data. Streams allo for simple mo del of comp osition. The Open op eration for one stream can tak as parameters one or more \input streams", and the Open op erations then pro vide the infrastructure for connecting up net orks represen ting en tire soft are subsystems. If streams are used as the sole comm uni cation mec hani sm then one can view Open op erations as \transformation" steps whic con ert streams of input data items in to stream of output data items. As long as the nature of this transformation step is unam bi guously describ ed, the pro cess of reasoning ab out complex pip elines of streams is straigh tforw ard. esign ationale The idea of stream of homogeneous ob jects has een in use as practical programm i ng abstraction for ery long time and is ell-kno wn to LISP and functional programm ers. text ok description of streams in this con text app ears in AS85 ]. The streams describ ed in AS85 are comp osite data structures that are designed to help organize and structure computations on serial collections of data, \in that corresp onds in spirit to an electrical engineer’s concept of signal-processing system" AS85 p. 242]. Conceptually stream is simply sequence of data ob jects. It di�ers from regular list in the it is represen ted, and in the fact that the sequence migh arbitrarily long. This stream concept is used in man functional programm ing languages for structuring computations that can though of in terms of data o mo del, where data ob jects o through computational \stages" or �lters. The longevit and ersatilit of streams as programmi ng ob jects leads to the question of whether there is higher-lev el abstract pattern here, and if so, what problems this pattern addresses and in what con texts. The problem that streams est address can unco ered further examining the \signal-processing" analogy made Ab elson and Sussman. Streams allo one to structure computations on (usually long) sequences of data in an in tuitiv using simple data o ideas, without regard for the details of ho the computation will actually carried out at run-time. Conceptually stream denotes an en tire sequence of data ob jects, and op erations on streams tak as input an en tire sequence and pro duce an en tire sequence. Because of the op erations a ila ble on streams, ho ev er, one cannot access the sequence arbitrarily|usually only the \head" elemen in the stream can accessed. This access restriction means that stream can sim ultaneously view ed without con ict as either hannel for transmitting ob jects one one, or as the en tire sequence of ob jects that will (ev en tually) transmitted across that hannel. One of the most in teresting y-pro ducts of this dualit is that an um er of tec hniques can used to represen stream or to impl emen stream op eration, including an com bina tion of: Directly represen ting stream elemen ts; Precomputing and bu�ering groups of stream elemen ts; or Computing elemen ts on demand (dela ed ev aluati on). Regardless of the implem en tation complexities in o lv ed in ac hieving e�ectiv erformance, ho ev er, streams with an or all of these represen tational strategies can in termix ed and comp osed ecause of the simple conceptual mo del that they all ob ey Stream abstractions deriv uc of their er from this com bina tion of in terop erabilit and uniform external treatmen of represen tations that emplo radically di�eren con trol o paradigms in ternally Examples of streams ab ound, ev en in imp erativ programm ing en vironm en ts. The simplest example is treating an haracter-orien ted device (�les, the console, net ork message connections, etc.) as \stream" of haracters. In addition, streams lend themselv es naturally to \pip eline"-st yle programm i ng, where the main in ternal comp onen ts of program are written as stream �lter/transformer op erations, and then connected up to form complete end-to-end �lter in manner ery simil ar to Unix-st yle comma nd line piping. With this programm ing st yle, ho ev er, one is not limited to simple haracter streams|program comp onen ts can connected via streams transmitting ery sophisticated ob jects. Another in teresting use of stream-based programm ing is the construction of stream pip elines where eac stage relies exclusiv ely on dela ed ev aluation to pro duce results. This st yle of programm ing mixes ell with pip eline-st yle soft a re arc hitectures. It is often called \pull-driv en" computation, since one requests the next output data ob ject from the last stage of the pip eline, whic then \pulls" on its supplier, and so on do wn the line. Eac pip eline stage only computes enough to supply its clien t, whic is simil ar to the \just in time" supply olicy in logistics. Pull-driv en computation con trasts with \push-driv en" computation, where one \pushes" input in to the �rst stage of the pip eline, whic erforms its task and pushes its result to the next stage, and so on un til the desired answ er is pro duced the �nal stage. pull-driv en pip eline arc hitecture can used to describ man transformation-based programs, in- cluding compiler. The pro cess of scanning can rephrased as the pro cess of transforming stream of haracters in to stream of tok ens, pro ducing eac new tok en on demand. Simila rly the pro cess of parsing can view ed as transforming stream of tok ens in to stream of abstract syn tax trees, represen ting the sequence of compilati on units, and so on. Man additional examples from the functional programm i ng orld are pro vided in AS85 ]. Finally is the concept of \stream" really pattern, or merely hierarc of related programm i ng abstractions one ould exp ect to �nd in class library? Stream class hierarc hies can found in OOP libraries for Smallta lk, C++, and other languages, but these hierarc hies really only capture an organized collection of impl em en tati ons of particular ADT deriv ed from particular stream in terface. The notion of \b eha ving" lik stream is not tied to particular inheritance hierarc ho ev er, nor to an ob ject’s en tire in terface. As long as some facet of an ob ject, including some subset of its op erations and eha vior, can coheren tly in terpreted as \stream-lik e", there is the oten tial to use stream-orien ted comp osition tec hniques when com bi ning it with other ob jects. or example, iterator ob jects often eha lik streams under con trolled circumstances, as do man standard data structures that allo sequen tial access to their elemen ts, lik queues, stac ks, or lists. urther, this \pattern" migh disco ered at an time, including long after the ob ject de�nition has een written and its osition in giv en class library determined. As result, it is useful to describ this recurring commona li as pattern, rather than simply considering it \sto k" in terface in library of lo w-l ev el parts. ere es [AA G93] Gregory Ab wd, Rob ert Allen, and Da vid Garlan. Using st yle to understand descriptions of soft a re arc hitecture. In i ngs osiu on oun ations twar ngine ering Decem er 1993. [A G92] Rob ert Allen and Da vi Garlan. ards formali zed soft are arc hitectures. ec hnical Rep ort CMU-CS-92-163, Sc ho ol of Computer Science, Carnegie Mellon Univ ersit Pittsburgh, A, July 1992. [AS85] Harold Ab elson and Gerald Ja Sussman. tructur an nter etation uter gr hapter 3.4: Streams, pages 242{292. MIT Press, Cam bridge, MA, 1985.