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Data Drlvett Loops I 

Part I: lntrodu.ction 

I.I T ht HI BOL Language: A Brit{ Introduction 

. . 
The notion of the data driven loop .arises in connection wtth our work in the Very HiJh · 

. . . 

Level Language HIBOL and the automatic programming system (Proto.5ystem I) that supports it. 
< • ' I ', .• 

Although the concept ls of general interest outsid~ of VHLL's and automatic programming, we 

find it profitable to use HIBOL as a vehicle for our discussion and a means of narrowing the 
.,,, . .· 

scope of our discussion. Therefore we first present a brief description of the domain whkh 
' . 

HIBOL treats. 

I.I.I Flews 

The HIBOL language concerns i rtsttkted but significant" subset 'of alt data processing 

applications: batch or-tented systems tnvQlvtng the tepetfflft ~ of indexed records from 

dat;J filel. It provides a concise and pewerfut way afdealing wtttutata ag-greptes: HIBOL has r · 
single data. type, the-JIOIII. Tm camtruct is a (posslbtf ~•tiata ~le. and ·reprefellts a . 

collection of uniform records that are individually and uniquely indexed by a muki-:-eompGftfflt 

index. The- ~O(np,ORffltS of a flaw's-index are a""'••if1J Md· the terif.tfi•n Index's_ keys ts called its 

lt.e,-tu/Jlt.1 Each record has a lingle data field ·(4czt81i1} in;HditlGII' tcf-the index tnformatkJn. 

(Real-world data ,aggregates. such as. ffles, Witlt moN titan 'GM: dafliltt·'per loglcaf record are-

1 This term is historical. A more expressive term would be "key set•, but that has historically 
been usec! to indicate the universe from which a key may take Jts values. 
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1.12 flow Expresions 

Fltt111 txprssions an be fornwd through the application f1l arithmetic operators such as • + • · . 
. . 

or ••• to flows. The meaning of such an appliation to two flows is that the operation is applied to 

tM data of corresponding records (those with matching indim) ~ the argument flow~ . The result 

is a new flow. having a record for each matched pair for which the operation was performed. The 

index va~ of such a r«ord is Identical to that of the- matched pair, and the- datum value is the 
; 

result of the operation performed on the data of the pair. This concept is generalized to an 

arbitrary number of flow arguments. 

Flow expressions an also be constructed using a conditional operator (similar to a •cAsE• 

statement) which evaluates_ logical npressions in terms of corresponcUng flow rttords in order' to 

select atld then compute -an exprnsion as the individual .r«ords ef the ...,, lll'e processed. The 

logical expressions are constructed u~ llw arithnw.tk a,mparison .,..-atun "'>~. •••• Uld • <•. In 

addition .. ~he PJESENT cprator ma.J be UM!d·tetest tfM pm1■m.of a nan ua a flow for a gnen 

•alue of the index.of t~t Quw. :Thesll-. .-y. Mrampos,dJIUll(tM lep:il ClDIIIIC!fflV4P:S·"#r, -U.

aad "till'". 

Fmaffy. there is a dass. or ttduction operacon pe,milllld • Rews·and flow ~ The 

function of such an opemor is to ftduce a ftQw·With-an ~ ill!da te GIil! ~ an ill-HJ .sn.' 

All ~s of the argument f1ow that cCll.rJlflP'ldloa!Jingle',...• •ftllllif foml·a wt• whtdi' 

a reduction operator (e.g. •maxin~un.-. •sumi can be applied to obtun a single nlue'. 
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1.p_Flow, Eqµayons 

Relationships betwttn flows are are expnl$Cd-,bJ }lftt lfMltlons,.»f;the form: 

<floY-naMe> IS <flou-eKpression> 

3. 

where <f I ol-1-na11te> is a named flow and < f I 01-1-eKprese ion> Is a fJow expression in terms of 

named flows. The right- and left-hand sides must have identical indices. 

I.U Ex.ample. 

Consider a chain of stores whose items are supplied from a centnd warehou1&. 1 "The collectten 

of store orders for ite,u restocking on a given ;day can be tt.aught 'of ,as a- flow- called, say, 

CURRENTOROER. A record or that flow conta.ins the quantity ordered by a particular store of a 

particular item. Each record has as its datum the quantity ordered and a 2-component Index 

Identifying the store malting the order and the item ordered (the keys of the index are a store-id 

and an item-id). Let BACKOROER be the name of a flow (of. 'lilnltar -structUte) 1'etM"stRfiftg the 

collection of (quantities or) previous orders that could either not •-filled or ~ only partially. 

The HISOL statement 

OEMANO IS CtmENTOOOER + BACICCRER 

describes a new. flow OEMANl representing the t<QI f;fe,nand of eadl· atem by. each sten. That is, 

each record in OEMANO contaJns a 2-component (ittm-id. $l0N".'kl)Jfldex, identifying it& datum Which 

is the sum of the data for the .same Uem and store in the ClAliNlt:REI and MCICi:RER flows;. 

TM. HIBOL stat~t 

ITEtlJEMANO I 5 T~ SU1 CF OEMANJ -FOR EACH ITEN-IO 

illustrates the use of the reduction operator Slit. It describes•-1ftlllfftaw ITBllEftMIJ representing 
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. . 

the total demand of fteh itrm from all ltOl'ft. That is, adt of Its RCDds us a~, 

indn (item-id) identif,-g :a:paltkutl,.._ _,, • ..._ts the 111Dt ;ihalllflli ddamaci'Slfflllllld 

across al stores in thr chain. 

1.1.5 Additional Information 

The computational part of a data processing s,-.. can he described by giving a fuR set of 

flow equatioos of the type shown above. To aimplete the s)'Slffll•1 desaipdon ~itiortia.Ufata and 

- for each Rew. the OJIIIIIDeN!IIU ~ itl·adtx~ lhe type., ... 4ata fllie.·and the 
periodicity with whidt it is cawpukd 

- for each key its typr 

- for each period its time relation to other periods. 
. ' - ~: 1 

A fbr. upnssioa, as aplaintd --. ftPtestAS a 11!1 er rlaJnlsd,tained by 1he rm,nt--1>y:. 

record application of a .formula to thr ffCOl'ds or the flows dm appear as tfflRS Ill die upressian. 

In this ~per we sha.11 be in«erested in euctly for MHdij iflder ~ {iftd lhus ~s) the 

indicatrd. for■, 1b h applied. TfKJld ~ ttwse·tncn fflllft'IS irilill' die,.,.,,_ ut2 

Thr HIBOL llapag~,,'5.,ratfler.·wJu.,_1 aWiit' apmfflni.,tteradon· 5e1S. Jr c:antalnS 

abundant proriSMnS (ltlAlllgh dw uw fil ..___, fbr fMp1ici sbitliaaM'bas1ecf .w, the ~ or 

absence of records 1ft the flows appnrtng in flow expnssians. Fcw ~ the 'HlabL flow 

expmsion 

.QRBnOllfl ♦ MOctllJER 

2 After Baron (11 
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describes a flow that has a record for each iNMx value, for 'which either 'ClllRENTORCER or 

BAC~-O.f.1PER wr both) has a, r«ord: 

if both flows have a record for a given index value, the resukant flow has a record Wllfl the 
same index value, whose datum is the sum of those of the correspon~:Ung records in the two 
flows. , ,; , : ·•. ··,.· '. ·,.·' .. "J:'.·•.•:,. ,'•,.·, ;,, ' 

if only Ofte .flow.· has a mor;d for • gtffft index 'riluf, the mulam flow has a record with the 
same index value and the same datum value; 

otherwise there is no record in the resukant flow. 

One way of looking at the semantics of addition in HIBOL, then, ls. to .. ~!~~ that the,pperation 
O C _,; C ::--:: • •',. S ' 0 --

+ Is performed if and only if at least one of its opttands Is present Hd t~al ~~h ""!'Ing operand 

is treated as if it were the additive identity (O). 

Although such conventions are convenient in writing HIBOL, for the Akes of clarity and 
1 

, 1 .. L 

rigor, we require fully explicit iteration set: specifications. ,Su(h can be ,obtain~ , through the 
:'"!; • ' ~, ' ,:, e • • 

abc>ve HIBOL flow expression would be: 
' .. ~ :.· 

CumENTORrER + BACKORCER 

ELSE CLAENTOROER 

ELSE BACKOOCE:R 

IF 

IF 8AOOR.ER PRESENT 

Here the index values for. which the flow expression's formula is to be applied have been mad~ . 
. . '.:-' t:~ ' .. ~ 

explicit by restructuring. it as a three-clause condittonal expression in terms of three . sub-, 
, \/ -.·l .. 

expressions. each of whose iteration sets k specified by an associated condition on . t~, pr~e of 
.;~ .• ~ ' . '· ' ' ··-;,,;·_fj;; t,.;_; .~·-:,·'' ~~.-.· • .... ,.; _; ':':' .. "-'.'~.. . 

"-·" -~---~~ 1 , • 

records in the flows involved. This is a legal HIBOL flow expression. although tn view of the 

existing conventions it is overspecifled (r~undant). For our purposes we,~. dJ~sfl: a, 
' ~ . ~ ' ;. . . 
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1 
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description is dtcla_rativt in nature: it describe~ the r~shipl among the flows. An implemented 

data processing system is t,roctdural. in natU,re: tt. OIU$t dacribe ill cietail how the flows are 

coa:nputed. Th~ flow equatiQOs must be ~,intefpretecl as-1,Hic COlllplltatton steps (With an Otllpllt 

flow and one or i:nore flows as inputs) and too$lr.\i0ts QP the Rff tn·,._..hkh· these computattons 

can be performed (the computation prod~$ng a J1ow ,must, a.pecfoaned befeire any temputattons 

using that flow.) must be made explidt. 

Design:4 

The imptementatiqn will. make: we of Jiles of data to be .~ by Job steps whkh wt111n 

turn create other files. Each file wilt coo,atn . ..rlM-~tton"represent.ed ;by: one, or mote flows; 

each job step wiil perform the .processing to1atWy Ollt.•tx ,._,ilow-~ Tt.e'tlfllgn;of each 

file (information ~ntaintd. organizition,_ stor,ap-devke, remrcl sort,ade-) -,,.- eath Job stti!p 

(equations· implemented, loop structure, accessing methods used) should be made in such a WlJ it 

to minimiz~ some overall cost mea~ (~~.-dollarst-•nd--cent1-1Ct'lisl, time used, numb«: of secondary 

storage 1/0 events) for the execution of the data processing system. Typically this requires dynamic 
,• : : ' . . 

(behavioral) analysis of tentative design configurations. 

Code Generation:_ 

The system's design must be coded in a supported high-level language so that it can be 

executed. 

1.4 Data Driven Loot,s 

Eaclt flow equation represents .a computation whose implementation is essentiaUy iterative in 

• In ProtoSystem I the design process is performed by tbe Optinu-, Designer module. 
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any set of values for a pamcu-lar,mdei an Inda s,t:attd:wttdkdngulsh two Sf)fciat kinds of index 

sets:6 

The set of index. va~ for which a flow f •~t,a I ftCOnl ii called the tndn stt or F · 

(denoted IS (F) ). 

The set of index values for wfl¥ft, an tnput:ftDil;,-ffcontaiM'•'~ '-tflit wilt be usecf lil 

generating _a record of the ouaput flow f;,the·trt,,,.Ntttm.lWf(f'F1;littkt1sf>tct to F (denoted 

These two. should not be. Q>f1fused. CJ6J (f1l fer same ·fin F wttl often '.be · a proper subset or 

The problem we face ii tiM.( of finding someway,of·~ the ctltka11ndex' sets or . 
each input so that loop . can be ropedy dmen;1 , ft:t, it-• 111Y 'fHlptmitaho use the set of all 

possible (legal) index values for which an input might 111w w~r«Ol'd: for oiie tflint this set' may 

be unbounded. Even if it is finite and enumerable, it wiH often be much larger than the critical 

index set and thus grossly inefficient. In the (EWt) flow equation example given above, for 

lnstanc~. the critical index set of the input flow Cl.llENTCRER is likely to be orders of magnitude 

smaller than its maximum possible·site (the case where every store has orders_ for every item). 

A much more efficient way of mumerating a set of index values that is assured to co~er the 

.. 
critical index sets of the inputs is to use the union of the Index sets of the input _flows. This will 

work because a r«ord of the output can be produced oniJ If there is IOffle input flow in whkh that 

6 Unfortunately, this terminology is at variance wtth that used by Baron in his. thesis [ll 
Baron uses the term "critical index set" to mean what we caU the "index set•. 

7 On no account, of course, can it be other than a praper er tmp,..- subset of IS (F1J. 
8 This statement is somewhat oversimplified, but it wiA suffice for now. A fully precise 

statement of the problem is given by the Fundamental Driving Constraint in Part IV. 

• 
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Part II: Stru.ctur, of Data Drtwn LooJ,s 

Before a general treatmmt of data ilfifttt11o'ops l!ltt le dfftfaped'it ts' necessary to exarnine 

the structu~,s of.the loop• encountered in the HIBOL IJl"lm. We 'bfiin::byptesenlmg 2 taxonomy 

of computation _~ypes·and their corresponding laap-......... tationS.: · 

II.I Loot, Ttrmtnolo.r, 

B'efore discussing loop 1stfQCtures it is usefuH&establish SOffie'tmninology. By the term loo/J 

we mean a cootrol construct whkh sommow fflllffll!fatft a-set of nlues for a loo.f,-tntlrx and which 

performs a fixed sequence of statements (its bod,),~ for each ,alue ofthe loop-index. A loop 

may contain -one or, more loops within its body. The mner loops are -said to be ntsttd within the 

outer (enclosing) loop and ttMMtructure as a whole ts called 'I: tttsttd too; strflCturt. -Each enclosure 

defines a different ltvtl of the nested loop structure. , The degenmte u~ of a nested loop structure, 

where there is no loop. in the. body of the outer loop, Is calll!d 'a ngl~lntl 1-,,, since there is onty 

onelc,opinel. 

A totall1 n«st~d loop is a nested IOop· struc:tute whose a,mplDllfflt loops a:re totally ordered 

under enclosure (i.e. for any two loops L1 and L2 either L1 is inside L2 or L2 ts'tnslde L1). 

- 11.2 Kinds of Computations and T litir Loops 

~ach run (computation, job step, program) in the implementation produced for a HIBOL 

description o~ a data· processing system is essentially a loop that Iterates over the records of its input 

files to -genetate records of its output file(s). The structure of this_ loop depends on the nature of the 

computation being performed. We will begin with computations that directly implement single 

HIBOL flow equations of various types. Then we will consider computations that implement more 

than one flow equation_ (aggregated computations) simultaneously. 
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Data DriVl!ft· l'AopS 

for each (eMployee-id) frOM ~S 

get ~ ( e11ph>yee- id} 

PAV(eMpl~-td) • 

H definedOOJtS.(eaployee-ldll 
and not 00.RHellJ)loyee-id) > 48) 

then 1-0JRS(eMployee-id) * 3.8 

else if defined(HOlflS(e11ployee-id)] 

then 128.8 + (Klm(ettptoyee-id) - 40) * 4.5 

else undefined 

if defined [PAV featp I oyee-id) J 
· then write PAV(e11ployee-id) 

end 

13 

The for-end construct represents the basic iteration over values of _the index e11p I oyee- id. It 

specifies that the values for the index are obtained from the 1-DJlS flow. For each index value, the 

corresponding record of ~S is read, the corresponding record of PAV is generated, and. (if 
• . ""'f 

generation was successful) that record Is written out. Notice that the PAV calculation is a direct 
'. \-.,_. ! 

translation from the HIBOU:flDw ••m., 
For reasons of exposition the loop Implementation presented here is oft~ most general form. 

An actual implementation would incorpo;ate various· efficifflq t•enflandng improvemenu.9 

Nevertheless, we shall conti8tFto Utt- sudt- forms to show explicitly where 1/0 and testing occur 

concqtucll1. 

9 For instance, since the for bu to read the next record of the driver tog~ the current index· 
value, t~,ge't coulcJ,,ff;~ .,FUrtMFfflCM'e;1'he~difttnq eests,•·••A• mltutadoft 'COUid be 
omitted since they are testing the presence of record which must be present. Finally, in this 
computation. the check before output could also be omitted. 



11.2.2 Matching ComputatiOns 

A matching computation computes a non-reduction ,_, apRSSitln laYOhtng ,two or more 

flows. Thus it is similar to a s_implr computation, bin inslnd ol .,......,_. a,litlgle',r«onl of a . 

sing~ input flow to produce an output record, it Gpl!lal8 ..-a".'j8\all aN1esponding records. one 

from each input flow. Corr~ is established l,y aimmoR index values. The na.me 
~ . ' ' ,. ~ 

·matching computations· derivt>s from tM necessity of matching up die records or the Inputs by 

index values before lMJ an be operated on. 

Two sub-classes of match•ng computations can be distinpished depending on whether aH of 

tM inputs have indices with idffltial key-tuples or nat. 

11.2.2.1 Expressions Involving flows with a Uniform lndn 

Consider the a paJ calculation similar to tftat givm aboff. but where emploJees are paid 

its datum the hourly pay rate for the~ indkated bJ IIS inda-•allte. The paJ calculation -~ 
PAY IS . KUfS • RATE 

ELSE 
RH£ •W+ 

-If t1U1S fRESBff 
... IIUEi fliDBU 
MB 11H lllllS > 49 

Ml.16 - 48l • I. S • IWE IF IIIEAEBD 

tilR;· and RATE hne idffltical indices, ach consisting of the siap leJ •a11p1urtt id•. The IIGp 

that implffllfflts such a computation has a siagle 1ml 
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file a lone Is sufficient to drive the loop. {Akernalivcly, by. 5imilar. reasoning, the RA TE Ale could be 

used to drive the loop.) This is the simplest case of a matching computation because only one 

input is needed to dri~e the loop. (The computation of the flow S above. is also of this type.) On • 

each iteration the next record of the HCUtS file Is read, the corresponding RATE record is fetched, 

and the computation of gross pay performed. 

. . 

This loop is represented in the SEAL language thus: 

for each (elllJ)toyee-idJ fro• t,UllS 

get lOJRS(e■ployee-idl 

get RATEfe■ployee-idl 

PAYfelltf.)loyee-id) • 

if defined(t-«IJlS(employee-ld)) 
and defined(RATE(elll)foyee-id)J 
and not (~(eaployee-idl > 48) 

else if defined(HCUtSle•ptoyee-id)J 
. and defined.CRATE (,-pt_.., Mt) l · 

then RATEfe11ployee-ldJ * 48 + 
00..ltS(eaployeeJ - 48t * RATE(_1t11ployee-htJ * l;,S. 

end 

e I se unde f i ned . 

if defined[PAYlellJ)loyee-idU 
then I-ff" i te PAVfeMJ)loyee-id) 

Again, the defined checks on the driver, HOUIS, are superfluous. But those on RATE are necessary. 
I, -: 

(to determine whether the corresponding get was ·successful) and the defined check on PAY Is 

necessary (so that a record is written if and only if a datumwugenenlect). 

~ow consider the HIBOL flow NWUation for the IEWIJ flow given above: 
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These details are implicit in the SEAL representatioo or the loop whkh Is simply: 

for each (item-id, store-id) froa ClJIIENTtllJER~ 1MCK8ROER 

get CmRENTCRERO te■-id, store-id)· 

get 8ACICOROER(itet1-ld, stor:1-id) 

OEMANOlite■-id, store-id) • ••• 

end 

if :def ined(OEMANH i te■-id, store-idU 
then urite DEMAtll(ite■-id, store-id) 

. IL2.2.2 General Discussion of J;xpresst0m lnvolvJng f_. With Mtx!;d lqdkes 

17 

The treatmeJttof mix~~index flqw e,q,rcssiops in th~ paper wilt be restdcted to those that 

are legal in HIBOL. The restrictions that HIBOL imposes are made for good rsuons. A brief 

discussion of the various conceivable types of mixed-index flow expre$iions is presented here in . 

order to show the motivation behind these restrictions. 

The various cases where the flows in a flow expression have mixed indkes (i.e. their indices 

have different key-tuples) can be distinguished by the set interrelationships among the key-tuples. 

Consider the case where flows have disjoint key-tuples (e.g; (w, x) and (y, z)). 

Correspondence among records of such flows ts meaningless, so we do not allow them to appear in 

the same flow expression. 

Now consider the more general case where there is intersection among Index key-tuples, but 

tlat union of tlitir f1ai.r-wist tnttrstctions is not idt11lical to tlttir (simJ,lt} union. In this case 

correspondence is always ambiguous. For example, consider the two flows: A with index (x, y) and 

B with index (y, z). Suppose that there are records ln A fer the particUlllrffldex values (x1, y1) and 



• 

records correspond te,.,... e1 e·s r,a,nlsl12 

For correspondence to be 1Maningful aad ........... tt must• t~ a. that the union of 

tM pair-wi~ inter~iQns of the ley-tuptes of tlw incltm tnYOfffll· Is ldeMlcaf to their union. This 

is always the case when t~ exists ·an index anotg·tk f'lrNs illYUl'ftd '""1a!R ley--tuple is a 

5UpffSft of an the key-tuples or the othff .... 

To be sure, there are other ways of satisfying the condition of the preceding paragraph. 

These involvtt conjunctions or three.or more indices. Consider. for mstance, the three flows: A with 

index (x, y); B with indn (J. z>. and C With·lndel·(l..t). can.-.g tripldsare all •kfue alld 

unamlMpous, of t11e,forftl (x. y~. ~J; r.). {xi- ft).· Ftil':ffieia&·d 'Stlnplt1ly. hewn«. thfs case ts 

pruhibik'd in HIBOL 

IL2.2.3 Mixed-Index Flow Expressions Allowed _in HIBOL 

It is possible in HIBOL to apply operators to two or more flows having differmt lndicn as 
. . . - : . ~ ' 

; 

long as l"clCh index is a sub-tnckx _or the index or some umque no-.~ inYOlv~ (i.e. as long ,as the 
'--• .;;;jf. 

key-tuple of ttach index is a subset of the ley-tuple of the index ol the uniftue flow). Clearly. the 
~ . 

index of this unique flow is klfflticaf to the index ol tM flew apnsston as a whole. HIWL 
·- -• ::;; 

allows a mixed-index flow expression only if its computation caft be dri•en by the set of those flows 
-·- ,>-

mw,tved having indic:n identical to that of the flow npmsiall. · 

. 1 ~ Qf courx.. we oaal allow· all ·pain to 0man (in Cartelaft• jW'vchad, l'bhlon) so that · the 
expression A + B would repr~t the six possible combinations al additions for these 5 Index 
values; but this would change (extend) the semantks ol HIBOL 
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For example, suppose we wanHo atutate theeatellded p1'1Gft'3 of ftlermrrl'fllstore11fttders 

(the flow CURRENTORDER) in our store chailt uample.-·bft,flMEErw'a flow lhddeeF~y11tem-id), 

each of whose records has as its datum the per-item price associated with •-11em0 identifled by its 

index. The flow equation for EXTE~OPRICE, indexed by (item-id, store-id) would be expressed in 

HIBOL thus: 

EXTENOEOPRICE IS ctmENTCRER * PRICE IF - Offeff . PRESENT 
AtlJ PRICE PRESENT 

The intent here is: for every record in ctmENTCRlEFUilMl,. temmponcllnf't'emrd in PRICE and, 

. if the latter is present, mukiply their respective data to calculate the datum of a cor.-ponding 

of the value of store-id. This augmented definition of correspondence Is extfflchirtcj1fhe getiem 

k.,J with th.f Jame values of t 1,. ••. , k., regud1ess of theutues Of k,.. 1 •• i, 'tli: · 

Sime a set of input:flotls. each wilh,mda idalttal to the· fl9W expression's, can be u~ to 

dri~e a. mixecHndex matchjng compulatian, it, impte;if!Mtlltm'il ilMlffilf' a» tMt for I uritfonn-' 

index. matching computation: the sorted dtiv«s · m md M'IUcli 'a way as tt, fflUrilerlte: the ctttttat 

index sets of all of the input flows; the resuking index values are used tefettlt·HCDl'ds from ~l'dt · · 

of the Inputs (including atl those whose mdicel a~ stlb4nd'kes ottfwe•flow npmston's tndet). 

13 · The extend4!d p,ke of ,a cwuantity ordntd u the produtt ef t~ quantity afld· the per-ttern 
prtce. 
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Basically, the outer loop chooses a value of t~~,.,~ lftd fekbe the corresponding 

PAI CE record. Then it performs the inner loop. Within the inner'k,op·•ttwe vakit!:of t~ item-id key 

is held constant. All corresponding'. tttOl'Os'of·'~R ares reacf and· the computation 

described in the flow equation is performed1usk1f tlte data,afthesi!'~s together' with the datum 

of the PR I CE record fetched in the outer leop. o Titlr resultf 'are I aie•f·to 'WM "and output the 

corresponding records of EX·tetlJE-OPRt€E. Thap,ocess1ts~vtttff'tffe flows are exhausted. 
~ , t -r~ - ;: + ~ 2 

In detail the implementation is as follows. Before eit~ loop is entered a record of 

CURRENTOROER is read. The outer loop uses this record to obtain the first value of the sub-index 

(item-id) and fetches the corresponding record from PRICE. _Then i~ performs the inner loop. The 

inner loop uses the current record .of Cl.fftEtUmEl ·aM'mAtimleS"to read records siquentiall1 

from ClJRRENTOROER ~ntil the sub-ifldex is obsetnd'tittthanp or ft ffld-of..file ·condttiorrotcuis~ 

. 
When, eitjter of these conditiens occurs. it aitt to the oi1t1r loop. If att·:eof has occurffll, the outer 

loop ,exjts .. Otherwi1,e it iter~tes, using the suit .illdea. vallle of the aarTll!ilt CllR..#«Rk.R red>rd as 

the o.e~ iva.Jue to~ hffll constant in the twr loop, fetdung.thtM•reapandlngf'RICE' record and 

perf e>rm;ng the inner loop again. . . 

The ~responding SEAL code is: 



for each lit---idl tJ-.-.QIIIIRGIID. ~ . ' ~ . -

for each (.tore- idl •f~•· OlllltllllllHit...,.idt 

if· def inectlOl&MlfJIBU•tea .. W. ~ i ldlJ 
. and def i ned (PRICE ti tett-idH 

then ClllENT(RERO tea-id. store-idt • PRICEUtea-idl 

else undefined 

if defined (EXTE&t:FRICE { itea- id. store-id)) 
theQ. ur ite BJFJIBllllltEll -..1a. store-tdt 

N«ice that the ou&er locl' js dri¥ea bt·WRiNTlRBHc. .... fl8w).1a tliat the illMI' loop b 

dri~ bJ WilENlOIER ( He~ id) (the salHlow otalllENTCRBh:allisdng of'·jtlst those r«Ords 

whosr :indices C¥,cycwad to tlw nine of die Sd ilnle■:---ld)fixed l!Jf'the eater loop). Wt.at · 

this. meam iJ. tt.at _. the eue« toop.dte am -.alue of• ..,__..,(ifl!M-td) wll be tahn fiom" 

the next r«ord or the OHENTCRER now. But for die inner loop rM .,.. fllliie for the•Sli,:indft''' 

(store-id) wil be talr.en from the next record or the JUb-flow d ORemllEI t'M'f·~ 1D the 

CUtTfflt value or (itffl't-id); if there are no further _records in OffENT(R)ER for this fixed Yalue of 

· (imn-id) this win be treated just like an end-of-file c:ondition and the iU!ration of the imlel' loap 

wffl terminate. Thus the inner loop ls driven by a succesion of sub-flows, one for each tteraUon of 

tM Olllff loop. 

This nested-loop implemmtation scheme i5 easily extended to 3 or mott loop li!wels when 

appropriate sorting constramts hold among the flows ilrlolYed. For example. suppose that there 
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are 3 nows involved: A with index (k 1, k2, k3►. B with index (k 1, k2); and C with 'fnde,c (k 1). 'And 

suppose further that B is sorted by k I and that A ts sorted first by k I and,; iGltKln' -~pents 

corrtsponding to a fixed value of 11, the r«ords of A are furiller \drtM1 by~l~. •·i-nren the flow 

equation can be implemented using a nested loop structure involving '-:.Ji ~f•oMv~rmost loop, 

midd te loop and outermost loop). The outermost 1oop,,tboeMr a 'Wll.te ldr th'e' key 'I( 1 to be held 

constant within the middle loop (and perforce in the · innermesr; toep, wtftdt ts: ·tontained in the 

middle loop). It also fetches the corresponding record ef".C ftw<tnif,wtfhltr ffie ·contained loops; 

Then it ·executes the middle loop, which, in turn, choose a-1Yllllftt fofflle~y ·Kl to'be held corl'Stant 

within the inner loop. The middle loop also fetches the corresponding record of 8 fc,f use within 

the innermost loop. Then it executes the innermost loop. In the innermost loop the valoef of rhe 

keys k I and k2 are hetd constant. The innermost loop reads an corresponding records of A, ds1Wg 

their data and those of the already read records to perform the calculations described in the ~~--
1

• 

· :r::; !"" > . :·.,. , ;<(t>_: --~ '.-:_t'' · __ · ·, : , 

equation and to build and output the r«ords of the output flow. When the ~nnermost loop has 
- , t _ •=-;.~ . .J -~ : ;...,, ·' ;_ ?-··~ ,·,· ri.:· _ 

read and processed all records of A corresponding to the fixed values of k, and k2, it extu to the 
' '~- ~, . ·::.. ~-'~' ., :· ?.::_ >- ·...,,>;_,-:}::: .,. 'if_,.~. ·i ,._ ~:i_, ,;"'"' .'\ -,- ;4:Jt ,;-. \, ·- f',<~ '. -

middle loop, which chooses a new value for k2 and iterates. When the middle loop has _exhausted 

,. J~, • - q 

all possibiHties for the vatu~ of k I fixed in it, it returns to the outermost loop, whieh chooses a new 

yalue of k I and iterates. This loop structure expressed in the SEAL ~rage ~!, U,ke: 
. - ( ·- . ·- _- --~ - f· . :_ -;•~ ;:.if , - . 
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treated as a single flow. 

Oonceptu.tffy, the aTgtlfflfflt flow· ii partltlonef fnto subsets·(sub-flows);by ~" equlvaienc~ ' 

relauon deft~ oo the- sub-index (a k~ 'or;le-ysr lfui~t~ ·•ri tlie ~"EACH,.d~u~ 'the~,~.,~: 

' •· '., , • \~,-·, :~[•i-(l ,~•: ~· ~-•- '._, '! ,- •. I;• • :~~ • 

thee outpufrecord tor,tsponding to that subset. for instance; ln the first example given above the 

OB1AHO floW'h cdn'&ptuatfy parttttoried lnro r«ord s~ by item!@. ·T~~s:
1;1, ,'~ecords in [EMANO 

whose inde-x ~ontatns tht' value tttnf·td I for the item-kl ltey 'are in ·~ 'subs«, all refcords for Item-id 

- itetn-kl2 ·ate lrf another, and so forth (empty subsets'a'.te ignored): Ttt,.da,turri f~ the ·,~rd in 
.. - _- .,_, ,.. . ~ - . - " -~' < .-.~~· ~f..··,. 

I TEMDEMANO with· index • fttem--1dJ ts;calcotated.by Sbiiwwing alfof the.data in the 'records in the· 

subse-t corresponding to item-Id • item-idr 

f ·~,..-,~ _, >· ,J ~f•~ 

Conceptua Hy, the implementing iteration for a simple reduction expression tn a single flow 

consists of two loops, one nested inside'the ~: 1~-·titner Toop imp~U the0application of the 

indicated reduction operation to a subset of tt.e;·tnput's' r«Otds: With' \hts kqj the value of the · 

sub-index defining the subset is held constant. Retqt,~tnJ. ~~ ,~ .~·· CF {)Etwt) example, the 
.. • < ; ,-~: ' ,- ' . , ; • • :. • ' ' 

inner loop implements the summation of the data of_the records of ~fl subset of CEtlANJ. That is. 
: ' ' , .... __ ; '!i' 

the inner loop is performed for each value of item-idi for whkh. there are records In DEMANJ. 
. . . ·l ~ :' ~ ·: '., ; ' ..., . _' ' . 

Wttliin the inner loop the particular value of tf!e _key Jt~-id ts held constant, all records of DEMAhO 

corresponding to that key value are fetched and their data are summed. 
• j' :~ ,, 

The outer 1oop performs clerical .work. It chooses a value the subsettlng sub-index (e.g. a 

value of item-id), executes the inner loop (which fetches records of, tite,tn~, COft~ppncUng to the 
;:,':··." • r::..,t:· , .. , • 

chosen sub-index and, for examplt-, adtis tht'fn to ,tlle' icfu~lator), and when the inner loop is 
' -- ~ .. ' ~ ' . . 

finished, it uses the resulting value as the datum of the output record corresponding to the chosen 

sub-index, .and writes that record out. 
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It may at first seem unnecessarn, baroque to tnittaliie the' actumufator ett111 to •undefined• in the 

outer loop, test it in the inner loop for definedMS'S and then lnfttalit~ ·tf if undefined. In this 

simp"_e&-ample we could jltst ifritiMize it to O iff tht eater lot,p arid not bolMt •tth the detinedness 
- . '< - fJ); ·,. " ... : ,,, ' ~, J , 

checks.· We have chosen the former course. for two reasons. first, we wish to make explicit the 

conditions under· wbkh the sum (and thus a record of the output I~ ts defined for a 

given value of the ~ ,itetn-i(t :s«ond, a, ·littll! thougW wffl fflOlV :rflat 'for· other reduction 

operations (viz. t1AX ffld fUN)•UlitlaltzartoR of tfte'_lttomfit1at0l''must (at least conceptually) be 

postponed until the inner loop where the Initializing value ts obtained by the" 11rstcget-:' Mcrio\ier, 

in general. when computations·.are agnregated (seebelow►--•more thinone activity is performed 

in the Inner loop. it ts thffl ~ ~Jf some dfiffl ~ OEtWIJ ia·aied)that for· somtf values of 

item-id m, wm ts cakuluaLia the iflMJ'-too, and ttNs s•1s11ndlfintid'on n1t t"torfi that loop. 

If the input flow is not sorted as above, the computation for a reduct~ operation becomes_ 
somewhat more c~. Qae pombititfa•to.c:Na\ie:aftd•~tt-•fite'attumulatbn tor each · 
value of the sub-index valu~ occurring in the input flow. Since the number of aCCUfY!Ulators cannot 
be kno\\m 4. ,-.;,m <idt-- ah_,.. tUIN!ll ..-..r•~-- w allltitfc1,'dri 'tbe·fly-(durtng 
execution of the computation). In PL/I, for example, the following (roughly outlined) scheme might 
be used: .•:i -'.~, '· ·, '-' --1--··< -· -·· · ·' · , : 

Declare an accumulator array to have COOTROLLED storage. 

Make a pre-pass through the input flow to count the number of different sub-index 
valu.ts occ:ur,-mg. ·,' : , · · -· -- '', t'. 

Make a second pass over the input flow to perform the accumulation. 

Write all accumulated values out to the output flow. 

In this scheme there are two separate loops instead of a totally nested loop structure. 

Alternatively, a nested loop, multi-pass scheme could be Implemented. The outer loop would 
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11.3.1 Formal Representation or Nested Loop Structures 

We have seen that the basic control !&(uctufe-.,Used ,irt tmpfementtng a computation is the 
- ' 

tota Hy nested loop. Associated with each loop in the nesting is a set of keys that it will fix ar:-d 
. -'... ,!1' 

which will remain constant in the loops it contains. It is easy to see that this constraint means that 

the set or keys fixed within any loop is necessartly a (proper) superset of the set. of keys fix~ within 

any of its enclosing loops. Thus, the set of keys fixed within a loop is sufficient to deter"tine its 
~ .• ,--.j, ~ l. - r • , r 1, , . 

level in the nesting. 

Now notice that the body of every loop (except the innermost one) contains exactly one top-

level loop. tllus. Jhe body iJ naturally divtded inttll ttftee'paftt '· 

the protog--those actions performed before the enclosed loop 
the enclosed loop . , , -,- ' " -
the epilog-those actions perrormed after the enclosed loop. 

Conceptually, then, a totally nested loop ~n be represented as a list of loop descriptions. one 

for each of the c-omponent loops. Each such description would consist of a level identifier 

(indicating at which level of nesting it occurs) and the prolog and the epilog. Howe!er, during the 
' •. :<; -· ~ 

design stage, while implementations are being developed and., in particular. when con,,utatJon 
~ > C , • f • " • , i" • t: : : •, ~ ' ' ~ 

0 

·• i'. • • : \ ~ -i e, • • H •, 

aggregations are being ctmsidered, it is useful to distinguish l classes of actions within the ~y of 
• 0 • , , C " ~-•., ,.,_ ' ' .. 'f ,._ • 

.... ,,_.. . ; 

a loop: 

Pro 1 og--those actions that must be performed before the enclosed loop 
Ep i I og--thost> actions that must be performed after the endcJsed loop · 
Genera 1--those· actions that could end up in eithff dlt'.,._ orthllrtpilbg 

It ~s also useful to separate 1/0 actions from the Giber atttahs. Ttws. w rtpmfflt each loop 

in the nesting as a structure of tlffl -followiag form:11t 

15 This representation, and the theory or computation aggregation associated with it are due 
largely to the work of R. C. Fleischer (21 who improved on the earlier work of R. V. Baron. 
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(level. 

whffe 

,Data Ori¥• 1.-ps 

(Jnput5p. Protog. Outputs,) 
( lnput:9c;. :Gener.al._.J)utputesJ 
UnputS(, Epitog. Outputl(_JJ 

Level indicatn the dq,th of the loop in the nesting 

Input sp are the files (necessarily) read In the Pro I og s«don. 

I nputs6 are the files (necessarily) read in the General s«Uon. 

Input 9t are the files (nttessarily) read in the Epi log section. 

Outputsp are the outputs gfflff-4,..--tt.~oilc:tt,ma (p I..., used iR die~ loop 
or in the Ep i I og s«tion) 

Outputs6 are the outputs generated in the General s«tion. 

- -
Outputs£ are the outputs generated in the Epi fog section. 

· 11.J.2 Compt.nation lmplelnmtation 

The implmlentation ·rif' a· computation as a nested loop struclUR redum to the _problem_ or 

derttminhtg how ~nJ and which leYels are to be in. tM totally na1ed loop and wheff the 110 and 

computations go. The ans~ 10 these cp,ntiolti are constrained by the forces of n«aSitJ and 

effidfflcJ. 

0.3.2.1 Level PositiollaUIQ a!!I s,atedMians 

The ~v,,els ~-•laich,adt .......... rad, ...... IMUld be Wlittffl and each 

calculation should be performed are determined if dw fulls wig z••elna. 

Inputs: Each input flow of a computation should ~ read at a loop level whale .assecillied 
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by-tu.pie is identical to that of the flow', it)lj.e~;,(ffl.d qa thil,JCClOIIDtihe totally nested loop for a 

computation must contain a loop corresponding to the index 41f,_.. ......... );. kcalllQlt be·N!ld 

would be ineffjci~,n.t. b~au~ it ~01:1kl qu¥,A,Jnn~ss~n ,~ oHlte fb/s r«Drds. 

Outputs: ))imilatlJ, ea~~ qutpyt ~.ofi ~ ~_.,,,,._,__.en all a ,loop tewl ~whoslt 
-- ·,. ' .-., • • ✓ .- ,· 

of the rt'cords. 

Calculations. .A flow expression should. ~~J,e· calcMlettt4 11 a,..·Jam·whose -~iated 

k~y-tupfe is identical to th.at of th, flow. txpr~••s-.iodn- ;,Apjn,s.1M<Mf iltftln,.atiM:.at Jt'itdghff' 

level would be insufficient to calculate. tht ex~~~•fel'fonl►..a,atia IQwet :tenl·woald•be 

redu.ndant. Further l'C'?f'IOfTl)' can b.e rea.lilA ~er.,.,.,.,~. low.~ if It 

~on ta ins a sub-e]<pr~ssi~ whose aS$0C .. ted .j~ex is A ,_.*in• of::tbe.Aow apresuorr as a whole; 
,. , -. ~ ·; ;. ~ ; - - . . ( 

11.3.2.2 Position of 1/0 and Calculations Within Their Assigned Levels 
. _ ~:1 -~~';;;,;;~ 1:·i ~--"'<' -.,. 

The placement of a read, write or calculation within a given loop level (i.e. in either the 
',..., ,- ;,} 'l'..::p·;~ !'": 

Pro fog, Ep.i fog or General section) should be d()ne with a view toward Imposing the minimum 

con~traint on impifulentation. If ~one In this maooer placement praer,es the maxtmal flexibility 
i ...... 

in subsequent aggregation. For instance, if a cakulation coukl go Into either the Pro I og or the 

Ep I r og it should be placed in the Gener a I section. If Instead it were arbitrarily plla,NI 1cin' the · 

Ep i I og this unnecessary constraint \VOUkt preclude ~iaorepUqas that would r...-tre It to 

be in the Prolog (loop merging In computation ~~.isdj~~ below). · 
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PAV IS RATE* HOURS IF RATE PRESENT ANJ ~ PRESENT 

Here, bot.h inputs have the same index (employee-id) so there Is onlJ .ane _,,: 

Level: (employee-id) 
I nputsp: e■pty 
Pro fog: e111pty 
OutputspeMpty 

lnputsG: fHOURS, RATEi 
General:calculate PAV 
Outputs6:tPAVJ 

Inputs£: e111pty 
Epi,og: e111pty· 
Outp~t 5,£e11pty 

As expla~ned above, everything bplaced .in the.gmer'1M(tienS.,

Now consider a ,sin,tple reducUon flow equatiQR: 

I TEMOEMANJ IS. UE. 5lJ1 (F" DEHANl FQil iAOf, I T6'1-IO 

We haves~ that the implementation ofWGlt a flow•alieltWill;always have two loop levels: . . 

·Loo1tl (oyter ig,} . 
· Level: (i te111-id} 

I nputsps e111Pty 
Prolog: initialize SUII 

.OuttMtts,NP tt, 

I nputsG: e111Pty 
G,meral H1.-,.ty 

. OutputsoeMPty 

I nputsr: e■pty 
Epilog: et11pty 
OutputsE:11 TEtlE1ANJI 
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Data Driven Loops 

Loop I (outer loop) 
Level: (item-id) 

lnputsp: !PRICE! 

Loop 2 (inner loop) 

Pro log: empty 
Outputspempty 

lnputsG:empty 
General:empty 
OutputsGempty 

lnputsr: empty 
Epi log: empty 
Outputsrempty 

Level: (item-id, store-id) 
lnputsp:empty 
Pro log: empty 
Outputspempty 

Input sG: ICURRENTOROERI 
General:calculate EXTENOEDPRICE 
Output sG:IEXTENDEOPR I CE! 

I nputsr: empty 
Epi1og: empty 
Outputsrempty 

35 
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If two computations have level compatiblt loops and if t~,ortleri.-g constra.tnts or the two 

loops can be mutually satisfied in a single totally nested loop, aggregation is possible. 

111.1.1.Levt"I Compatibility Between Loops 

It is easy to show that two loops ate le\lel COOl)ali~"1i( .... oply Jfthcir livel structures are 
. : . --~ 

identical or empty levels (levels at .which AO actions ar-e pe,:-fonned).can be inserled to. make their 

level structures identical. Some ex~~ or level ~.tetaly nest~ loops tTNL.i) and the 

level structures or .their aggregatec;l rf5'llts u,~16 

loop levels I eve 1 ~· .i.n.:!91P:!Mte. 

nt .. 1 no. IK,U 
lkl • ff( ,LI 

TN..z fK,-lt 

Ttl..1 ffC,U 

Ttf...2 OC.L~nt 

TN.., UO. (K,U 
ikl, (fC,U~ OC,L.nJ 

Ttf...2 uc,u, fk,L.tU 

It Is interesting to note that when aggregation occurs loop levels are:.....,.·added nor deleted; that 

ts, the set gf loop levels in the aggregate is simply the uniOR d the. Nb d. loop levels In the 

component computations. 

Some examples or loops whose level structures are tncompattble are: 

TN.. 1 UO 
Ttt..2 (U 

16 In this section the symbols IC, L and M denote different keys. 



3a Oala•~·Loapl 

"'-1 ""· «.u 
--2 cu. IK._U 

TM.a (kl. oc .. u .. oc.t.nt 
lll.2 un. «.m. fk.t.nt 

tlll.2 Ordff Comlnint Ciol!Ptil,illf Betwa:1l loaps 

Consar thtt awnpiitatiows farlM- ...,.itig two~ ~tlalts: 

na11Erw1J ,s •~sm·oi<mwm mt"EMJt"f~10 · 

FRACTICfi IS CErw«>/ITBIEW) IF IEM'J Prr.£lff ;:· · 

It would Sttfn immanently ~;'.to~ these two wmpii.&tbis siftt'e they have a 

common input ([EIWIJ) and the output of thf first is an input tothtl~- Yett~ cannot be 
: '·t 

. • • • ·,I' ,, ', 

agg,-egated .into a totally nested loop! .Their~ desalptlaM meal 1fhy. Real that 

the description of t~ first is: 

Loop I (outer loop) 
levet: (ite11-id) 

· Input~: eaply 

Prolog: ini tiat ize -
Output Spl!llp tg 

lnput91.: e11pty 
Generah-.,ty 
Cl,-1 gl flpi,J .... 

· < lupvt91:-.,tv · 
Epitog: ~tv 
Output9E:U lEJIEIMO 



L921! 2 (inner loop) 
Levei: (ite■-id, store-id) 

Inputs,: eapty 
Pro log: e.pty 
Outputs,e111>ty 

Inputs&: fOE~ 
General: calcufate sua 
Outp.utsGe111>t1:1 

Input 5t: ,ftllPbJ 
Epilog: . . ettpty 
Outpu t.S£ e11p ty 

The FRACTION, cc,mputaUon .-bo has two nested ~ 

Loop I (outer loop) 
level: ( i te■-id) 

I nputsp: ICEfWIJl . 
Prolog: . e11Pty 
Output5peapty 

I npu hG: e11p t y 
Genera 1 :ellf)ty 
Ou1putsc.e111>ty 

Inputs£: eapty 
Ep.i tog: npty 
Ou-tputst-eapty 

Loop 2 (inner ,!oop) 
level: life•-id, store-id). 

I~ ts,:, t;,IIJl)ty_ 
Pro fog: e11pty 
Output~y 

i nput,c.: ~rw«>• 
Generat:do division 
Output95tlfftACJl<Wf . 

· 1..,.t9t: ew,ty 
Ep i l1JCJ: npty 

Output~~ty 

C"3rly these computations are level compatible since they have identical level structures. But the 
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Computations whose tot~ny nested- loops, an levft compatiM!' arm satisfy the above order 

~o_nstraints are aggregatable. 

111.2 Merging Loops 

Because each. action and aU 1/0 .must-,be pe,fatned at mt llmrlev~ ·~ t~ aggregate as it 
... 

. was before aggregation, the loop structure of the aggregation of two computations can be obtained 
- r? , ~: ; ~ . , ... , -~ , 

through a level-by-level merge of the loop levels of the two computations to be aggregated. 

The algoritb,n ror mtfging two totitlly Mlltd,aops uc: 

For each loop_ in one: 

If the other has no Jp(,p at the the same level. jiHt add tM·ntpftlMIKltiett of that level to the 
descripUon of the aggregate. 

If there is a corresponding loop, the two loops must be merged into one for the aggregate. 
< -t" ; '. ' ' ·'t ' ·:.-: •,-

The full derails of merging loops are complicated, but a _rough sketch follows. Let the 

corresponding loops be L 1 a.nd L2, where no output of L2 is an qM to:L1.1!' There are din!f 

cases: 

_ I. Some output F of the Ep i I og of LI is an input to L2• · 

a.Fis.an Input to L2's Prolog section: aggregation impossible. 

b. F is used by an action in L2's General section: move that adion to the Epl log of 
the the ,o;vr~tog level i& th•-~ adeft' WIWfty;'fttMJns in-Li's 6-neraf 
section which use, as input, some output produced by. the adion; all other •ct~,s . 
remain, ~n ~he ~-1«41tllltin,the ._....,,~.,._·tit L1'.anill l.i. · ' · '· 

c. All other CUt'&; all ~ attions ,remain ift, tlw llffll sat1enl 'in rife aggregate as the, · 
were tn · L 1 ~nd L2-

17 ObvJoualy~ the q" .wlJeR no -,--or Lt isanr-inpift to t2,wabe han4tecfnactly the same, 
mutatis mutandts. The remain case, where each has some output that is an input to the other, Js 
impossible. 
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a. f is an input to L2's Pro tog section: move A from the ~at ~ lt1 the Pro I 09 
section of the aggregate, along with any actions in the General section whkh have, as 
output, something used as input to that computation; al other actions remain in t,be 
same sections in the aggregate as they wre in L1 and L,- ~ · ,, i · · · · 

b ... ,AD other; Ga$t!$. all a~ 1eiiidn • tllelw'NtdililsJ,lh, tfltt; agg,egate as tlM!y were 
in L1 and L2-

. _, ·- -~ . 

3. Neither I nor 2: an actions remain in the same s«tions in the aggregate as they were In L 1 
and La,,_ . ,.:,,-1,·•1 , ·' .,·· .. ,; .- ·j ' · •.• 

Basicalfy, what this means is that it .Se1• al (adfcln •fflllll lblrie 'to the, Pro1 og of the 

aggregate if it must come bftore some action in that Prolog or if it must .came before another 

C.,nerctl actiQQc wbiCih meu&,be "90\!Cd todleftrotog; a Gener at actiun llllllt move tti the. Ep ll og if 
~,~: 0 \nr; ·:.:. ~ 

it must come after SO(ne action in the Epi log or if It must mme after another General action 
,,:,.. 

whkh must.be moved t~ t~ Epilog. 

In this report the treatment of' data driven loop i~tions is restricted to loop 

structures that are totally nested. Totally nested Implementations are not only broadly applkable, 
• • •- ~ , .> 

, :•. ~ ;-; -H ~ 

but generally simple and efficient as ~- I~ fact they often pro¥ide the ant ef'fldfflt and 
• ~ 1 •·'./:·· 

expeditious implemmtations, especially when ~ially organiied flies, sorted by k~ vak,es. are 
-, .· - .. :1; ~it~ :_" --~ ~:-~ 

u~. For the sake of~ tllllugh. . .,._, ..._..._ sald,._.alllut tiOn◄atally-nested 

loops. Indeed. a· g~d~~ Q1UW ~atd·a.,_ .__,.. 111M11111··91eug~ mtalmy, to make 

one or . ~~ separ~te reports. ll«aute of 1Ws ,tile ca..Sllaa ~- Is neomarfly brief and 

incomplete. 

Most ~mportantly. it .5"111d t>. said thau1on-..-, ..-d -1bGp,lillNthlrff are by no means 
,, . 
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inefficient or un·interesttng: T~y are used all the. titnec and for good, solid rea!Ofts. Their use Is 

perhaps most interesting when two or more computattons.cannot be perfonned enttrely concurrently 

_{i.e. in the same loc,i), but they en be performed .with parttal conmnency. The fotlowtng two 

examples iltU$trate. 

111.3.J Example I: Aggregating Computations with Incompatible Order Constraints 

Recall the flow equa.tions: 

I TEMOEMANO IS nE SUM OF OE-MAM) Fm EACH I TEM-10 

"FRAC Tl ON I S DEMANl/ lTEMOEttANJ IF OEMANJ PRESENT 
· AMl UEtlBWll• PRESENT 

and their implementing computations. We saw- in Stction IUl.2 that the implementing 

computations for these fJow equaUons could not be ~ged into a totally nestld loop structure 

because the inner loop for the fir$t had to be GGmpleted ·l>c!fom· tw tniRr loop of ~ second could 
be performed. They can. ho~ver, beaggregattd iPto a single loop wtth a sttucc.re like: 

for each (itea-id) fro• 0Ef1ANJ 

end 

SUM• undefined 

for each (store-id) frOII OEMANJ(ite■-id) 
<calculate ... >-

end 

if defined(sua] then ITEMDEMN«J(itea-id) • aw 

for e~h (store-id) fro• OEMAflHifea-1.dJ 
<calculate FRACTUJb 

end 

This is a non-totally nested loop structure, since two loops (the inner ones) appear at the same level. 
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It is int«e5tmg to a.pare this •t,regatt _ ~ ·iJtth· the unaggregated 

~tioft1Jf,tM ,_, COlllplllations .. .._ (a• sepa,ate hps 11t ~~jab -.,. Oh 'the 

one hand. in either implelllffltationflffy ftl'ORt,«tMteWl)·fW'1ftdlt'bi!'~ twice. so no 

accesses art' Niminated by aggregation. On the other hand. acasses of the records of ffie 

I TEtlJEMAttl flow art' l'liminated by aggregation. If the ~tialls are implemented sepa~telJ. 

every record of I TEtlEtWIJ must be written into a file by the first CGlllplllation a~ t~, racJ bad 
·;;f ~;--'f}f' J, .. - . ,,.::,·--,· 

by the second; wherns in t~ aggregate implementation the records are used as they ar~ generated. 
,. ,· l< , ·•.• 

so no re-reading is necessary.11 

In general we haw IN!II that whm two implementations are leftkompatible, the only case in 

•~h thdr aggregate cannot be ilnplemetlted as• teat, __. -.,•&J wllere, for.- loop level. 

the output of the,ipi tog s«tiaa of one i$ aft H1f1Ut • tlR'f'rol\lif, ltllldan .W d1e·ot11er (as '1s the case · 

~ft: I lEnEtWI) abo¥e). In -" a cw 1k GUlhsp lindinr laep In-el of .th! aggrep~ can be 

implemfflted (as_ aboff)-as t ... loops m, die w ltMf p!ffaMed· 1111 ... ence. and re--rei.kls f1I the 

now· in question WiU ~ saved. 

10.3.2 Example 2: Aggregating C,omputauons That Are Net Lnel-Ollllpa~ 

In Section Ill.I.I _we saw that oomputations with the fall lilg ltHl lbllllUta were not level 

compati~ with one another: 

no. lK.u. nc.L.n> 
(KJ. oc.n1. «1'...fD . 

,_ 

The fact that they are not leftt-cempatible IM'MIS that tt is ....... liD devise a total 

-,a In fact, if lhese records are not used bJ any other compllblion Ill the data processing system. 
it is not necessary to write them out into a fi~ either. 
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nesting of loops that will implement their aggrcpte,, They might, however, be said to be t,artlallJ 

level-compatible, since the outermost levels haff ickfttkaJ keys. If a common drtv« set ·can be 

found • for that level, they might..-be implemented as a, 11811'-l--,-~ loop strutture. The 

following is a possible implementation lk.eleton: 

for each (K1' fro■ Do 

-end 

for each fl) fro■ 01 
for·each (M) frOII 02 

end 
end 

for each (M) fro• 03 
h~f .e.ach (U fro■ 0. 

end 
end 

This is another commonly found construct in file data processing. It is the case where, for a 

. • ,, . . . f \, ·'. . 

common set of values for the sub-index UO, two or more independent computations are to be 

f I 

performed. As in the previous example, there is some 1/0 saving (o~_er.separate implementations 
' 

of the computations involved) because each record ~ Do has to be read only once. 
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IV.I A Tlirory of lndtx Stts and Critical Index Stts for Data Drtvtn Loots 

IV .I.I Definitions and Useful Lemmas 

·. , 

We redefine the notions of a flow's index set and critical index set formany and introduce the 

operators Pro J, I nj and Res tr: 

Definition: The lndtx stt of a flow F with index I is defined as 

I S (F) • { I I there is a record in F for I ) 

Definition: The critical indtx stt of a flow F (with index I) with respect to a flow >< is defined as 

CISxff) • {I I there is a record in F for I 
that ts necessary to generate some ncOld bl,)(} 

Definition: The .;rojtclion of an Jnoex set S with index. (k 1, •• , ka• k_.1, •• , kw) Ollto the sub

Index (k 1 ••• , k111 ) is defined as 

Pro j (S, (k 1, .. , k•) ) • 
{(k,,:.,k.) f ]{1c. .. ,, .. ,k11) suchthat tk1,···k· ka.,, .. ,kw, ( S} 

Definition: The injtction of an index set S with .index 4k r,. •.• IL•) ·by the index set T with super· 

ln;1s. n. 
{ (k1, .. , k•• k .. 1, .. , k"J I (k1, .. , k•) ( S A 

{k1, .. , k_. k•t• .·., kat f l) 

Definition: The rtstriction of an index set S with:'fride1 -Ot1, •• , k11) ·t,y the condttlon C (whose 

truth depends on the values of the keys k 1, .. , k,.} is defined u 

From the last tht'ff definitions the following simple IMlt usefa1 results (stated without proof) 

can be obtain~: 

Lemma I: If A is an index set with index I, then 



u;mcn,J lttmU .hft~ a®UlnihO U VI ---~ ' 

lnjtA.,81 • 8 a hJJfA.■ 

laparticwlu.WA-,Barillllla---llle-~-
"'tL ~:wh.nun tm;;;. ,ti£m~ M .li-.;:..t~! tilfliU bM ~ )i~ lwofi t lq $~!<Ji1 •.,rh ~lhb';n sW 

lnjfA.81 • 8 a A 
• ;1Je~R bns t n ! ,t o-,9 noh,~ 

...__t: trs_.,._..._ .. ..._ .. _...,, •• !I° •••111ftflllletS..._. _ 
- ?i b!mibb ,t i xtbm tlfiw. l . _ t lo· ~t :t'l"~t ~rlT :ooili_!~t~ 

. lnjtS.,lt ~ T 
{ i ml ~ m 1:ntm-1 ;, it '}"'fh I f } . ,.. Fn ~ 1 

LftalMf: lflls•---• ... ~lt_.$-aa..._ __ ..._lt.t 11 a,.la■ 
. !!'. ~nn~b .el x '\>-:,R -' oo 1Y'."-r11, :n rhiw fl Mbnt ~) ':!t we.fl , ro1't't ~»i \tt-ltt\u ~,n ·'1<-rinn.m:,.Q ....... . 

i ;,1! 1 it4 bw~i:n Ii Ii !r!!'tril j f} .. ("-H xf:I'.J 

Proi Unj ~ ~ .... ,..,. yn..u!l}'}.'l t.t '61ft 

·di? a ••W.S••;W , ...... ,.... _ 11111111rt. __ _. ,a\ IPWlilP 
.rls,.dllB u bfflf!~b d llfi"-4, • .. ,,At l'i".'l"bnt 

RatrCS. f MEWU • lajflSIFI.SJ ,.. H,." .. ,,i> .21to 1 '-l 

{Z t i~ , . ,1,-.,,.,"t .~ , .. , itJ ;;;11 rbm f 11", •. •hffl~H t l.l!<j •. - ,i-»l l 

... " • !I t,211arwa1rt.u1ws1 • 1 lli ldr'"W z i'!x. ~\'jl).'li "" ff) ~flit,~~~ ,rll f_l?.!hnO';f{] 

·. We·laegill--~9111£1■ -ll .J, ... atilr[!"l •• 'i •.• ...., ..... lllfWi 

@an•ne·11 • ne...-. ..... , 1tJ-.._., ........ ., • .,..,.. iijnl 
. •. I\ l 3 ,.; , - • •tJff f t_A • · · 4J .. ~ ♦ < • •f .lO) . 

....__ I: lfF is ... IQ J{IJ .. ,, •• ,.tf~.t.fJF.IJa IF lrl ..... 

. Tllllt a.•....- nan•• 1 111 • ar.e 11 r 1 •••--'1--•llinlJ At11ut11jit .. ., 

... "' Jill.WWrBI llkA•.azJI~· • ·• Cl .a 9Ji JSS W II: • t 1 13 ., 



Data Driven Loops 49 

Corollary J: Let F ~ denned a5 in Theorem I. T-hen for llhJ new:F1 with index identical to 

that of F 

Theorem 2: Jf R is a {low (with .index 1.-) 1lacril,ed bf the·applkatton of a. rtductton operator 

to a now expressJon e><pr in terms of the flows F 1, .. , F"' where each flow Fi has indtx I it (e.g. 

, the flow equation for. R is: R IS Sl.11 OF e,cpr lf0A Ell£H <I If►),; then· 

CJS8 (F1) • Proj flS(expr.t.1,1 

(Note that the index of e><pr must be a super·indeJM,f ,l1r-) 

This theorem simply says that when a; flow (as that desaibecMty e,cpr) is rectucect:every record of 

that flow is used in calculating the resuk. From Theorem I we have in tum that the critical index 

set of each Fi with respect to the flow, to ~ l1duced is given by the expression on the right-hand 

side of the above equatiQn. 

Corollary 2: If R is a.fl9w (wit,h index IR> deKr~bJ,~applilmtiali of a muctlon operator 

to a flow F (e-& R IS Sl.11JF F FOO EACH <llt>). tben 

CIS1 tFI • ISfft 

The following theorems concern ,the- nature of. lhe Jl,lclex. . .,a of no- •xp,esstons. Ftrst, a 

-- ' 
simple result about flows described by reduction: 

Theorem J: I~ R is a flow (with index IR), described by the lffJ~Uon ofta rtt/uctllln opntor, 

to a flow expression expr (e.g. the flow equation for R is: R IS StJ1 CF expr F~ .~ <la>>. 

then 

ISfR) • ProJUS(e><pr},fR) 
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As mentioned above the only legal arithmetic flow expression_ in FE-HIBOL is a W~ror a 

safe further qualified by some condition. Thisfur"' qaalification:must take the form_~ a logical 
-, 

expression ANOed with_ the safe. Thus, to complete our treatment of artthmetk flow expression we 

_ only need the following simple theorffll: 

Theorem 5: The index set of a simple arithmetk flow expression safe qtt~lmed by _ t1" 

condittoo C is given by 

IS(safe ANO C) • Restr(JS(safet,CJ 

- Consideration of s~ial cases leads to three simple coroli!_r~: ___ _ 
\.j . \-. ' ;, 

Corollary 4: By Lemmas 2 and 5 

IS f safe ANO G PRESENT) • lnj fG-. JSfsafe)) 
• IStsafe) n lnj CG, IS(Hfe)) 

Corollary 5: 

IS{safe ANl fC 1 Nil C2)J • RestrUS(safe),C1) n Restr(fS(safe),C2) 

Corollat"J &: 

JS(safe ANJ <c; m C2)) • RestrUS(safe),C1r u ReetrHS(eafe),C21 

F~r conditional expressions wtth two cases11 we have the following result: 

ThN>rem 6: Let Ebe a conditional flow expression or two &erms: ,. 

E • e><pr 1 -ff C1 
ELSE expr 2 Jf C2 

19 The extension of this theorem to more than two cases is trivial. 
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In level 1 we have the ~tput R and the driver F. The index M!t 01 enumerated by thts driver at 

thts level is20 

0 1 • ProjUS(FJ,fk 1)) • IS(RJ (byTheorem3) 

thus satisfying the drJving constraint for the input R. 

In level 2 we have the input F and the driver F. The index set D2 enumerated by this driver 

at this leve1 is 

(by Corollary 2) 

thus satisfying the driving constraint for the output f. 

Example 2: 

PAY IS HCUlS * 3.00 IF tO.Ri PRESENT ANJ 
tf)J fOJIS > 48 · 

ELSE 128 + fHOlRi - 48J * 4.S. IF HUI, PRESENT 

We shall use this example to illustrate Theorem 6. Define Et..-1 E2bJ 

E 1 • HCUlS * 3. 00 IF KUlS PRESENT ANl t«>T IO.JfS > 48 
and 

E2 • 120 + (~ - .48J • 4.S. lf tO.Ri PRESENT N1J 
•- t«>T : ~ f!fE.EffT . 

ANl t«>T tORi > 48) 

By pure logical simp,ifi.ca.tion,_ the' ~st equation ca11 be rewnttere 

E2 • 120 + lttli.ils - 40J * 4. 5 IF ~ PRESENT #IJ 
~,:l-;41-:,' 

From Theorem 6 we have that 

20 Theorem 8 of the next section-provides a formal treatment of enumerated index sets. 
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for each (ite•-idt fro■ C 

get P( i tea-id) 

for each (store-idl fr011 C(lte■-td) 

get C(ite•-id,· store-id} 

EP(iteM-id, store-id)•.,, 

end 

end 

if def lned{EPti teM-id, store-il'ff]. 
then urite EP(lte■-ld, store-id) 

55 

In level I the input is P and the driver is C. The i~ex, .. set 01 en~merat~ bJ this 4rJver at 
•. - " '•, --., ·• - . . 

this level is 

01 = ProjUS(Cl, Cite■-idU 
2 ISff>l K'Pfi-offlSfCt. f Hea;..idU • CISg,WJ · 

In level 2 the input is C, the output is EP and the driver Is C. The index set 02 enumerated 

by this driver at this level is 

02 • ISfC) 
2 lnj(IS(PJ,IS(C)) (by Lemma 3t 

• C15a,(Ct • ISfEPJ 

Thus we see·that the flow C is (at least) adequate to drive both levels. 
! ,t'-• 

IV .1.i Drivjng Ftow Set Sufficiency 
- .~. ,. ~-- i-.~~-i , '. · .. _ ,',~ '-•~•; ·;:•:<..;,- t-~e· "lF~·, 1--':~~ ,:_·~~-;-< .. ~~· ~ '-:: -·· -, n ;~ 4

~ 

We wish to 'be ·~•'to''determine-·wt.Mttt· a ·set m input flows ts suffldent to drive a 

computation loop level. Let us begin by defining the notMJn of the necessary Index set for a 

computation level: 

Dtfinltion:''The ntcess~t, intf!" set at level i f91' a.COQIIW~C (~ Ni~lC)) b clefiMd • 
: . 'f- . ; '.,;; 

the set of i!9de~.valufs·necessary tQ dti!e lev'1.i f{/the •• llJ ... ..,.~t. 
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IV .1.5 Minimal Driving Flow Sets 

The set of all inputs of a. computation,is suffldent. to drive that computation. We are 

interested in finding the smallest subsets of -this set U., wiH prov-ide, suffident driven for each 

level. This interest stems from our imp~ a:MKtraiftt that .aH driven must ·1,e read 

sequfntially and must have compa~ible.sort orders. If allcen&aintcUnpuu were used to <lrlve each 

level of a computat~oo. _'9Qp. all inputs to that computation weukt •have tcJ have compatible sort 

orders and all would have to be read sequentially •. a:constrainU.hatisofteftunnecessarily severe. · 

Moreover, from an efficiency point of view, _,.,_a11y"want the_ set of tndtces ettumerated 

by the drivers at any level to be as small as possible (while satisfying the fundamental driving 

constraints) so as to minimize the number of iterations. For example, If we are trying to minimize . 

110 accesses and we have a loop that reads some (non-driving) flow by random access, the fewer 

iterations there are the fewer attempts there wiU be to access records from that flow. 
·" -- ' 

Consid'er, for example, the EP computation (Example 3 above). The inputs contained in the 

outer 1oop are P and C. Both together could have been used as a driving flow set for that level. 
. . 

We ~ere able to show, however, that C alone was,·sufficient to drive the outer loop. Thus, we came 

up with an implementation in which only the flow C had to be sorted and read sequentially. 
~ .- . --~' 

AdditionaHy, In this implementation c:;.·tly those r~rds·of P that can ~ctually be used are fetched. 

It is important to note that the using some smallest driving flow set for each Jevel does not 

always_ improve efficiency. In the computation ~hove it can be shown that P alone is sufficient to 
.· '~ , 

",;. 

drive the outer loop. However, such an implementation would be no better than one in which the 
' . ' 

· outet 1oop Is driven by both inputs: Sin~e the J,mer. loop ,.ast be-drMtt by C m any cue, we- , 

would sti11 end up using both inputs as drivers;.both would have to be sorted compatibly and read 

seqi:ient1a1ly; and more records of P would be read than would actually be used. 
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The expression on the right of the equiva~,;tp,nbaLM"·,ts a,fuimula in t~'ftrst order 

predicate cakulus. If thjs formula can be shown to·••·iat.t'°'°IJ the cotrespondiPg set. inclusion is 
. . 

. -
proved. Showing that a formt1~ is a .tautokJff t•~ to, ...,_Ing that if 'Slmplififl to T. 

Since powerful first order predicate cakulus simplifiers exist, thestuk ot preying set inclusion. can 

be solved by recastingJhe '1YJ)Qlhesis as a p_r~icate qJculu& (Qffl)Ula ~ltying 1to simplify it. If it 
~ ' 

can be simplified to T inclusion is proved; if it simplifies to F inclusion ts disproved. 

Whffl the formula ~annot be simplified to either Tor F, the.f'lll&ntng or·the result is not 

clear. Either the si{TIP,lification is correct (in w._kt. ~settt.lormula iutot;a tautelogy, and thus set 
·" : . ' ' 

inclJ1sion does .not hold) or the simplifier has run up against a f\Hldamental limitation24 and has 

failed to simplfy tht- formqla completely~ In the latter cue the ~may· in tatt k equivalent to 

. T (implying set inclusion), bu( the simplifier is unable to determine tt. Because of this ambiguity, ,· 

the wisest assumption is_ t~ wnservative one: wheReVtlf ~. fO :0T, ~ not occur, set 

· inclusion does not hold. 

IV.2.1 Characteristic Functions for Index Sets 

In this section the particulars of the syntax25 and sema11Ua d:dia,_..btk,functlons for 

index sets are presentftf. 

The daracttrlstic Junction for an tndtx set is a lop;N,exprflliOll :4predieate) tn terms of its 

the keys of its index that is tru, for an asstgnfQeAl,of' ~• .._,vp·.m·••lydlole cases in 

24· Jt is a weil-known fact that it is impossible to devise a procedure that wtll correctly simplify · 
. everi! formula in the first order predkate calculus. 

5 Because· our work is implemented in the LISP programmtng language the notation ts. · 
unabashedly LISPish. :, 



which the index ~ contains a OJrffSPOllding index w~ That._ • S. ttt1 •••• k.l dfflales the 

dtaladeristtc~ ....... ~, 

Sc1arli. ...... t_t • f • S•• · r ll11ulills~•k{•la-···•ka:I. 

The lagical epetat«s. fNIII...., c:lmaG!lil"c:flli III ils att li:lii'daR!: 

L ~tup:al.1111-s"' 

a. Mil wn .,.._ ... pJ .. J r.r a pwd In ~ lrdtaMit •·• or the P. are 
tr~ fc:w that ~ 

.<. ¥:)J . ftJT pt - r for a ,.,._. l~ t.ilplE ~· tn"'p ts false. far that 
instantt 

d. FO:,-smE ffOR-SOE (k1 •..• k.l p(t1 ........ ~I• •.•. lf,.H • T far a 
. partiCllllar le,. •pll· · llfil!t' --•• :· ~ ,; ltJ' M dhfati' ~ fer die up it 1, ••• k. 
sudt that t• ptetfiute p(k I• •. • t_) is bllr; dlis is ftiill! I~ .-~lllificatimt . 

- .;. .-· f_ .. : • 

2. Standard aritflmmc comparisoll operaten (thm- arpm •• ~ lae .atillwnedc ~I 

in .krt15 of qnalll!s:(Wle..., allil· •mtats· .. •J· ••ilie-\M •• iirl;2ftc"apera1als +~ -. 
•mdl) . 

a. EWM.. CBIW. e,cpr-1 e,cpr2J • Jiff e,cp-.1 aad ..,.2 •w the s.- wkal 
value 

b. GREATrnP fGREAJEII> e...-1 expr-2J • T iff tM I 
,greall!r daaa diat 4llf ~, 

3. Titr special operator lEFUED; UEFUED ff per Jt 1 •.•• kJ) • T tt'r there k a nmrd 
in the nriablr Vin period per for die lq'-Utfle ~ tk1,.: .... t.,.J .. The~· to a 

. Olif,-0 ,>p&J IL -•a....,._. . ,• . ·.. ' 

26 The symbols p and 1J1 ..._ pttditalrs 
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IV.2.1.1 Variables 

A variablt is a repre~r1tation of a HJ80L flow with keJ and pie~ iqfor.mation attached. 
'-~- - -

The period uniquely identifies the variable in time (i.e. it specifies a particular •tncarnatkJli •~

flow). An assignment. of values to a variable's inde~ ~-#It ,e,Jocl: spetitJ-. an ~-,ef that 
. ' .- ,· . - - ,. . . ~ 

variable and this instance is ,said to be dtfjntd if tb~re is a ~tum (anc,l,UttA ~)CO{responding 

to the ker and period values named in the assign~. _ 

The general form for ~ variable_ is 

( f f ow-na11te pe,:- i od kej11 ••• _ ke11ttl 

where f I ow-nante is the name Qf the assqi:iated fJ9w27 •. tt,e, slot. ~r- lo4 (:Qlltains, the aame-of . the 
• • • • • -:- . <' ,_ , ·-; . . . • 

period in which the variable is generated or input, and the slots key. contain the names of the keys 

of the variable. An example of a variable specification ts"- . 

where 

~. . . i it ·-, 

(Etkl.Lm terM _student subject-nullber) 

ENROLLED is the name of the v.aa::~ble 
ter11 is the name of a perlod · 
student and sub ject-nulllber ate the games of the variable's keys 

An occurrence of ·a variable 411 a predicate; ls,~lled;~t',,.,.~ ref~f'&'~- . ln,a variable 

reference the form. in the period slot identifies a :,Parttwlar incarnation or the !~iabw (~g. jf the 

period slot contains TERM that means that this 
1
t~'s l~mation of t,-e ~artable., ~- .,;i~g ~erred 

to; if It contains (Pl.US TERM -1. t, last term's incarnation is referred to). 

27 The variable- and the flow have the same name. 
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IV.2.1.2 (IJEFINEO variable-reference) 

This t-xpmstoit Is trw· ff Mid anlJ ·ff variatile-reference Is defined. In particular an 

expttlJikJft 11M 

UEFJNED ~ENn.lEO teni. student Stibject-nuillberH 

is rrue for an assignment of constant valnfs to each ~ its bys and lb ~ if anct' only if the 

variable EMU..LEO in the specified. period contains a record aJ11epcinding tD ·the specified index 

value; otherwise it is false. Thus,_ for example. the predicate alloff is tiul far subject-nc.M,er -

33 and ter11 = TERM tf and only if in this term's incarnation of BID.l£D t~ is 0

~ ~d ·ro, the 

index va~ {~ 38) {I~. #:and only, if"'Jw tS· ~ In ~ •'~ ctutliig the currmt t~). 

IV.2.1.3 Correspondence BetWffll Logical and 5ft' Theofflic Netatians 
.r r•).i::.::··, B-.~-.:Ot:' ... · ·· .,_· ~ 

In our· characteristic function/index set duality the gmeral cew•~ ... ~.,een -logkal 
< •• ,, • • (~'. ;"!;_. --: '-. , . - . ., -<;- . '· ' ' 

and set operators is givffl by:, . 

logica I opttt!lor 

Atl) .. J .,, 

m .. n 
CFffi ... S(IE fk .. 1, •. , ~l s.;► __ : ProjiS. fki. ~ .."k.11; 
CAMl s., ct . " Rntr CS.CJ 
tAlll s.,. fd.l ., ; ' ltaj'fs~·ri 
fCEFlfED CV ••• )) " ISIYJ 

1°•,";<' ·.c 
- ,f• 

That is: 

the characteristic functkJn of the intenma m two Sell Is die lagkal NIJ of their 
characteristic functions; 

the characteristic function of the union of two sets ii the lagkal lll of their characteriStic 
functions; · 

the characteristic function of the projection Pro j ts.1 •) of an tndft set S onto the sub-index 
I' is the FOR-SM operator applied to the ~-~•..-,,.r $~--~ininc 
keys; . .. . 
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the characteristic function of the restrictioft,Re_•t':_l,6,Cl::.c,f aw_,jb4t,c set S' bJ-·the condtttori C 
is the logical ANO of the characterfstlc function of Sand the conditioo C; 

the characteristic function of the injection In j fS, n of an index set S by the index set T is· 
the logical ~}» t~ tlW~teristk: f~ . ; · . ·. " 

the. cha.racte(istic function of th«,;ndex set, IS(¥kof a, vartate V Js ·tt1e lEFlfED operator 
applie(fto that variable. 

This mapping can be used to determine the characteristic function of any .set expression 

encot1ntered above. 

Examples: 

The index set 

IStP) 

has the characteristic function 

(OEFltEO (P DAY ite■-idJ) 

The index set 

JS(Pl n Proj US(CJ, titeM-idJJ 

. has the characteristic function 

(Af«J (OEFlNEO (P DAV ite■-Jd)J 

IFOR-SCl1E (store-id) UEFJNEO IC [WI l1ea,.hl •tore-.idHB 

Res tr USttO.JlS), t«JT Helm > 40) 

has the characteristic function 

fAM:J ([EFlNEO (JllffS &Ea: eaployee-HI)) 
(MJT (GAEATERP (.uJ?S al:EIC e11Playn-idJ 48) U 



llalaDmsi,.... 

IV -Z21'ad~SuWituU8n,ef ~ fUl'diilll 

We would lile our ch<ltactaisliic ftlllCtiofts to conlain as much information as possible 

TfMt c,nlypouil,lr c:haraCleristit fandtnll fo, a mlllW ff per. 'ki: . ~ ,'~)' th,ai b;a system 
'': - ~.• ! e •' 

trillial ~ UEFUEl (Y per k 1, ..• kJ J. became al that can be sud is that it contains a r~ 
~- ! ; 

iff i( consains a m:urd. 

In some cases an input variable may have the special propalJ that it wiR always contain ~ 
'• , . -· . - ~ 

record for every allowable index nlue. (Knowledge of such a ptapalf a..- be ~-uced from 

tM HISOL spKification of a data processing SJSlem; it must be supplied separately.) SUch a 
' ' '. ~- ,.-- ! ; • -

:-·--.··-: .-i- J! 

variable is termed dtJJ.u or full. An namplr might be the fRICE •~ which. in every 

mcamation shoukl have a record for every possible value of the illda Ci tea-idL In such a case 
")<"' 

the charactffi5!~ function of such a variable is silllplr T. 

We c~ld uw the trivial characteristic flllKtion for a computed variable as well,, but more 
(useful) information can be obtaifled thruugh the applkatian a Thmlems 3-:6 to the defining 

~ _- ' :, •• ; • ...: .. , ·: ~ ' < , : 

HIBOL flow ~•ion. ~ we mt me l"Mmai• l'and ! 11D albin utdill characteristic 

functions for critical indft sets. e&aradfflstic filnc:dons thus oa.tained are called ~si,'-, 

ckractniJtic fvJtctieJU. 

It should be easy to stt that for any charactmstic function if:•·~ a' tl'EFlNED. 

var- tab·leJ is .ad by the characteristtcftlr.idlul1 'f'ercya,Jjat,fe~'tlie _,_. tffll be ~ logkally 
jf<'+ ·••-~ 'i ""." I' ~ ··~ ' 

equivalmt characteristic ft.mctiun. This is termed 6tttl-su6JtitVIUJII of chanrctaistic functions. If 

bad-substitution is applied recursively, the mull wil be a characteristic func:tian cataining onlf 
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DEF I NEO's whose arguments are non-computed ,artal,les. Thts js called total back·substitution. 

Total back-substitution of all characteristic functions has the advantage of making them,all into a 

u~iform form, thus facilitating tamparison and lagJcal ~nipulatton. 

IV.2.3 Example 

Consider the flow equations: 

S I S H * A IF H PRESENT At«J R PRESENT 

X 15 (H - 40) * R / 2 IF H PRESENT AM> R PRESENT AKI H > 40 

P IS S + X IF S PRESENT Atll X PRESENT 

ELSE S 

ELSE X 

IF S PRESENT 

IF X PRESENT 

where the flows H and A are system inputs, all flow have the index (key) and all computations are 

performed daily. The one-step characteristic functions ci the n~ry input sets are:21 

NJS4S) chlr • (ANO (OEFUEO (H DAY key) t 
«EF JNEO (R DAY key) H 

NIS(X)char • (AtlJ (DEFINED (H DAV key)) 
«EF H£0 tR DAV lleyt J 
(GREATERP fH DAY key) 48U 

NI S (PJ char .. (CROEF INEO (5 DAY key) J 
10EFINEO fX DAY key)JJ 

From these we deduce (by Theorem 9) the following ~ 

I. Computation S can be driven by either H or R.-liftce:ltada 

23 We use the outputs as the computation names and drop the level subscript since there is only 
one level. 
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and 

aRtrw 

2. Computation X can be driYffl by eithff H or R. ~ balh 

NIS(XJct. ➔ UEFltEO CH DAY key)) (2.a) 

and 

NISOOdler ➔ UEFltEO (R DAY key)) (2.b) 

are trut" 

3. Computation P must be drtvm by both S aad X. ~ neither 

NIS(Ptc111r ➔ IOCFlfEO (S DAY keyU (3.a) 

nor 

NIStPJct• ➔ UEFlfEO (X DAV keylJ (3.b) 

an true.but 

NIStPtc1a ➔ tm (IEFUE) CS-OlY hytl 04· · 
(IEFHEJ 11tOlV'.Weglt 

is true 

However. we know that 

IS(SJc1i9, • INIJIEFlfED (ff DAY keyH 
flEFUEl CR OlY tegUl 

IS 00 c.., • C.NIIIEF ltED at..:.IMY lleyJ }, . · 
«EFINED ffl DAY keyH 
(GA[ATEflP (ff DAV keyJ 48)) 

. so back-substitution ol charactmstic functiollS Jields 
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NISCPJc,._ • (OR fW:J~O {S DAV kev)) 
flEF ltEO CX DAY key) )J 

• {00 (AN) (OEFJtEO CH DAY key}) 
(~I~, JR 91¥ .gyUl . 

(AN) fO:FltEO (14 DAV key) t 
llEf IJQ) Jfl llaY l4SVU. 
(tREA TERP fH IMY key) 48) ) J 

• (ANO (IEF UEO (H DAY ke,,) l 

(~INED •~-DAY k-v>J ► 

Thus, f~rmula (3.a) 

NIS (PJc..., ➔ UE=INEO ·{S 00 k.eyH · 
becomes 

CANO (DEFHED. (H OAV 1c.evn ((&1>£0· fa,JMY k-v),ll 
➔ 

67 

which is obviously true. Thus, back·substitution has revealed that computation P can be driv_en by 

Salone. 
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extract the data item (the number of hours worked) 

multiply it by 3.00, 

assemble the corresponding r«qrd , 1PAV, 

whose e11p I oyee- id key is Ole ~~ ai t~ record read 

whose 'Cta~ itenlT va:1ue: is tfte'resuif oi ~kipty~,th~ value of the data item of 
the record r~ad by 3.00 

write the newly created record to the fi-le PAY 

To support this iteration, the~.must be 
declarations of the data' objects to be usecf 

loop-initiaffzatioo 

EOF (end-of-file) checking (to ter~_te .~ .• ~) 

V .U.I Necessary Data Obi!Cts and Their D~daration 

Ftrst there must tie d~rations for alf i~ a1itt! output.files. A~me that the files PAY and 

HOURS are known by these names to the Pl:,/1 ehvlron~t QCL code can be generated to make 

. this happen). Then the following declarations must •~r. ip t\" PLl~ 1~ 

DECLARE HlmS l~T .~ILE_ SEflENTIAL~,-.-
f'AV OOfM ·FrtE SEC1£NTIAL ; 

' ·, ,, • .'. -t. '-:"· . • 

There must also be declarations for data structures anciHary to the 1/0 and control to be 

performed. In particular, for every input file there must be a record image data structure Into 

which a record of that input can be read. Likewise, for' every output file there must be a record 

image data structure into which a record of that output can be bulk so that It can be written oul 

In our simple example, the ..nJRS and PAY files must have such associated data objects. The PL/I 

structure can be used for this purpose: 
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OECLNE 1 PAY _fEC(R). 
2 Bft.OVEE Fl>CED (ECUW .. fU, 
2 PAY FIJCEO IECIM.. fU. 

I tDR,_REURJ. . -... 
2 EfFUM£ FIXED W:IIW... l4) ~ . · 
2 tlUI$ FIXED IEtlntf_ QI , 

}--~ ;- <: 7' :'( .?' - - ; -•. "! ,? ' 

tURi file w would haft the d«laratioll: 

lECl.ARE 1 ECF AllttEJ. 
2 Kim BIT UI tM..IIJIED INITIM.. re·&h 

When EOF ~urs on the associated nae tlm,0.. b;~-,:.1::~. 

V .IJ4? Loop Initialization 

Bftore iteration alt flags must'ilin'itialbtd. Thk ~• lie dGIII! by the use of the INITIAL 

statement in the d«laration (as abaft for BF.~ .APJG, alcld~--• rad•--~ 
_. t _- _, , , - -~, --

,Initial n~ f~ their indiea ~~ ~ ~me,Je. t'9e ~,~:~ . .-•·IIMftlJ. · 
-, . , l ; • •' •.• • - C -; . . ' 

JEAD FllE fllmS) INTO OIIRSJEC(lllh 

V.U.3 £OF Ch«ting; and·uaip Tttminatioll 

To detect an EOF condition ona:~~'•'~;~9"4bW,~-.thc~PUI 1'.W construct 
. . : ·. t .. - ·. ·-· _,, .... -- ~ -

can be used. For the~ file the appropl'iate_code ~ t,e: 
.. - • ,4! , : :, • : - • - - -1 •. , 

00 EtlFILE O«ftSI E(F.Klei • '1'8; 
. "' .· . 

To enforce iteration termm~tion UporJ EOF of t~. driur, Jhe ~ q, ~ ~sing dll 
--;:!"", ..... ,~ -, ·_! ; ':"; - , - "' • .,.. . , ' 

form 00 1-1-fllE · (-, ECF.driverl. 
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V.1.1.4 The Loop Itself 

Given this supporting structure, the T!i' ~-t~-~ili,plf.§1...atltaJs my~ The foop itnlr on be 
A t . ; ~1 .: : , 1-· .. , ~' -n -. 

written simply as: 

00 WI-Ill£ (-. E(F.~h 
PAV _RECORD.PAV ., 1-1:mS_RECORO.~ • Ut , i 

PAY _RECORD.EMPLOYEE • 1-«JmS~~Vlii : 
~ ..-~} 

WRITE FILE (PAVJ FROn CPAY_RECOROJ; 

READ FILE fHClm) uqo •~JECQIUr•,J1 
£NO ; 

closed. The complete PL/I program for the pay calculation computation u-1iven Jn Fig. L 

V.1.2 Uniform-Index Matching Computatjgn! .., 

l,..et m extend our treatment of ~~---, ... Jlll\l•••t1onJWlliillWM~tHan one 

input. We use as our vehicle the variation of the~-QIII .... --~ rn• ~~exed 

by employee-id): 

PAY IS RATE * JfmS IF RATE PRESENT Nil 1-oR; PRESENT 

Suppose that the input files RATE and ~ are to be read sequentially, that their records are 
* ~~-~ ..--d:~u:: ~: ~ ,~-~! 1 

- i · 
sorted ~y eMp I oyee- id and that f-OlJlS is used as the loop driver. 

Again because the loop is driven by a single tn~t file, it Is implemented using the form DO 
~ 

UH I LE (... EOF. dr i-ved. However, the c:omputatton description dictates that a record of the 

output file PAY for a giv"1 value of the key e11p I oyee-1 d is to be produced 'if and only If there is a 

record for that employee in HOl.flS and th.ere ts a corr1sJ,O•tU1tt record in the RA TE file. Therefore, 

in tlie bod1 of tlit loop, btfort tht output record can bt calcultUtcl, the rewrd (if any) of the non

driving input that matches the current value of the driver's index must be found. 



~it~)"",,~,- ,,, 
,llJfif .rf .. .t ilM,.,4 

.: - - ,~;-,, 
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To find the matching recor~ of!)le ~~r\Y-}l]lpU,l weirea4'~S11CCA-.Ave rtGOrds fram its. file 

comparing the index value of each recq"! wilhJh1t.-f,Pfrtnt,B,;~IX-, ~,geaterd_matdUng 

algorithm consists of the foffowtng loop: 

For ~,ch ...,..-dri~ing_mpµt: .·, 

I. If FOUND. input ,is, tru~ (indi~ating. that tbe,_~r.4,,c;ur..-lynflelctm the, •npat's image· 
structure has been used) read the next record of the inpul 

. . ' 
• ' ·-, -r ":-.,. '.!-. . - . -~ , ,"' ' ;; ;;; ~,( l ._., • _,<'•,-,.. :, ';·• _. 

2. If an EOF condition has occurred on the input. set FlUIJ. input to false (0) and exit the 
Joop. 

. 
<' 

3. Q,therwis~. ih,,ec~ J~~ •~~. _Qf ,tb,e ~reqt flPllt~~ tlle··tncla··of ,tht,lCurtent 
d:rlver r«ord·: · . 

,~-... .. ~¼ ,_-> ;··.e::l'-a:·-~ .. ,/··-;. .·-r-1:"-·Y:•:·:>t }-~ ',,,t . -

If>, there ·is no corresponding record in the input. Set FCUIJ. input to false (in case 

. tb~ in~e~:of tJle.r~41~ r~ IMJ;~ •cfff,_.••...- cldver,n!tuict),,
and ~xit 

To support this algorithm a flag FOlHl. input muit be declal'llb•1:-,.. . .:n• dl!PIMgi Input 

The tnlJ~ntation \,{ th::~;~t ·of· the main loop's body (following the matching code) 
':~ ! . r: . ~ :~' 3': " 

consists of cod~· that attempi; t~ compute the output record rulnf onl1 tAost non-drlrllng lnf,uts 

. . , : ~ .: -;~J~ '._-, ,-·f'..,, v-~ "j~ 

betome·chtclts oo the corresponding FCUIJ flags. 

This matching process must be _implemented for every non-driving input In a data driven 





ON UUHlf (RATt) tof .ltATE s '-Pl; 

ON HOF tl-£ {MOUU) ~OF-:t!OUltS -. '1--.; 

; ,. 

lt-Vfl_l_lHI JfU'I. ENPLOYEt • DlEJt£tOR9 .tNPl.OYt-£; 

DO Wll£ ( £-Of .DT(l; 

JF £OF . HOURS 
THUi 00:/• THIS ltUOS ITE .. S, SEQUUITJAllY, FROM A rru, U,IJ\.,,!~,~S!f.P· 

RECOttD IS FOUND (SU FLAGS TO TIU£> OR PASHU ~stj,!lAf~ep i~). •I 

llOlfftS_tttcon_COMPnt: 

Jf-£0F.-tlOVRS 

THE• "f-DlflO.-tlOUIS_.COID • ~1••◄ ~ lt ~t ~;,,: -~ .. : 

"ElS£ IF ffOUIS:'",~~~~f'.IP,\O~E }' .~~+-Ulf"""~ 
TMH F~i"'s~~c~~:;:1••~jl; T , " <'W•, '. '1\ : 

ELSE IF ffOUltS_1£COII .tflllcr,~ ~ ,l.{V\l:>ftJ-ft~'9~0YU 

·:1,;.. ., ~ -, :~-1i i ··~<1 T~ -..;· . ~~~-:; 1 ~ ~·· •.·-,Hi~'~-~~'!~~·•~: .. ,.,. 
El.~l ;~• ~•/!l!JP..J JITO (NouaS_t£COU); 

CJ , 60,lf..~~-CCINPMl; 
HI; 

ENO; 

1F FouND.HOURs T_HEN :oo:,; PA!~~EJ~~:;-~~!- ~,,~,~•~~.~-+.~• ~cou:,.~ 
. - PAY,.:_~-~.-E~Q,YJ,£ :, f.l.Vll~l_NIIINUN.UftOYU; . 

< -. • • : : -~ <, ~- ., .: • :f:.,,:; '., • .., z. (..,\ 

'IMITt'.!t•~f. (J..~YJ; ',~ v~~•CORD),r 
EIID: . 

READ FILE (RATE) INTO (RATE_ltECOIU): 
lEYEt_l_ .. lNJMUM.EftPlOVU • ltATf_ltECORD.£ .. LOvt~; 

UD; 

END PAY_COl'I'; 

Figure 2: PL/I code for PAY I~ RATE • ~ 
,, . ··~. - --1 





Tl 

First, nottc-e that the iteration structure is fundamentally diff!!!ftl n-.:; th.at for • singk! 

driver loop. The index value determinatiOl\,.af"l,Mlfi,c;hlcMag •..., per'-"'ted'·lt lM beginning 

of the 1oop body.31 As always, \lie _.itfl-isit..-nallllltwlieft:·all drivers are ex~ {wt.en the 

na, EqF_SO_f~ ~~JJJt~re,~,-:all;drifff$:hafflaft.~. Tllta1tle "°l>dit fflUst'lppirar 

befor~ , the, 01J9'~ :f~~,~s,; d:!f form. ~ i\MllEd' l' If is 11Hdl ;inlteafi 'W10J'llftt£ ' ( ~ 

EOF. driver) (as in the ~J)J}LdriJ,CJlfillt~ Thiljs,jlnt •J••:ffltltion 'OlttfWbdlt ~- :: ., · · 
-,_. 

What is intert"Sting in the implementation of Fig. 3 ts the U5e of the PUJ ACTJ VE -1t-ructure 
, ~,'fj.: "·,., . ~ 4 • •• _, k} '{"' ·;. J, ,_t1 ·:~,{; )_; .· . 

. and the ACTIVE.JJRIVER_a:Un variable in determining the proper next index value. The idea is 
. . ~,{;-.\ ~-;~ ·1T ~'li ~.i~ "_: /1, .,.·. 

to look through the drivers in succession. The first Js used to establish a tentative index ~••~e for 
··h'J,.ft.tl~fi· ~~H~ f_rJ ~n,:r.J~,~~i ·:,f: nc ··~,s:;d.t.ii!f~! .. 

the current iteration. The first driver is also given a number that marks it active {for the. Ume 
. _ , ~ .; .:~t:j;._··t ,' :·• f. '-:: .• D•.r-:-. ,.,.«: 1e,::: :, __ ; ~-i.ttt~;_~·, ~ /t·l~·-_':.t~,~ ~-_;,~;-~J ·<· 13' : 

being). If ·the next driver has the same index value it is given the same number, ind6ttt\tittat it 

wUt be aatJ,e_, ,r,hen. ~ra, -"jf,tt;•:a 1tawer ,..._ ..... _.illNlpllndtlc •'ltslf and!the second, 
. .tti~-~; ·ti·n'"-~- ~dt :~i,-1 -~ {f?ll 1Ji f~r:r. :.·1--·T~i"i tG 4lttl~ .-

driver is assigned a higher number, meaning that it is tentatively active (and, effectively. that the 
_ · .~ A .,..-.r-: ·:- _-_; ... 0~:;~:~~ ~.- ==.·> /11~ ,..,; ;·ti . .::Tlf:;_<7 -~·c~,!i1:"'.':fP>?• "l;C~ t V n, 

first ls inactive). Wh~·.u drivers have been examtMd. those shar ........... , .. ACnVE number 

~.ultip,~-1eveJ. ,~. u,tfQ9llCe t~ 1,-.d ,r.·......,_, Gi, aarrept ..._. •aaes ~' 'ddl 

· dist,inct loop level ,"4 fOJ; witrRJ ~rf.lCtllrc.,4, •"9•t~JoaplCW,,..:fl'Gm'•llllops;al trMtPfevwti.' 
• ;O, -• • ' C' •• •. ,. • 

31 It could be done at the end of the body if the same code were duplicated as an tnitlaliu.tton 
before the loop w~re entered. We have refrained from doing thb IO tninimize axle. 
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(declarat~} 

OIi UIOf Ill (~fMD.), l?' ,~•"' 'l 'I; 
RU0 f IL£ (fi1W18l 11"0 (DEMll_fltOH); 

ff .. ~'-~ . ' ·c~l , , , · 
TffH DO; l£VU_Z_MllfflUN.1TtM • tlUWID_llCOU.JT9'; 

l~~u:._kt~.Jlfl,IIIM'-~~'fl1l•~lfflll;,. '• 

ENO; 
£LS£ l£VU_1 • 't'I: 

00 Vfftlt (,Ltvµ. • .,1~! 
li£n•u. nDllEMAIO • •• ••: 

lJO Wit.£ (!.OU_Z); 

\f ~, 't.l9rl:1'.~ > ;-,, ' "'' l. • -1 

TffEtl fmtOEMAIIO_RtCORO. lTEflJEMAflO • JTEIIIIJENAID_RECOID. ITEND!NAIID + DENANO:--RECORD. DEMAND; 
ELSE DO; ITEMO°""""~~U~l"l ,.....,. ....... ;:: · ::, . ! ''.. .. , .• , 

eu me. 1 ll19£MMID • • 1 • •; 

UIB; 

REM> F IU (DEMANO) JITO (DEMID_tt£COID); 

1f £OF .8lfWID 

THEN 00; l£VEl_Z_MJfll"""-1TE" s 8£Mtl9_1£COU.lf1N; 

IF::~,..fJR"811. IT£N ~ UIEJ.a:i,'l __ ~iiiilii]tlll 

:;i, , TM£■ l~ "{)'fH; 
HO; 

llSl ~; ~-~: •. •~,~; 
l£VU_l • 'l'-1; 

',,,:< 

~ : •.. y 
...:is ,>-';.. --

· IT.EMOEIWID_-RICOID. IT£" • l£VU_l_"IUJUI.IT£N; 

WIT£ F It£ ( IT£MDUWl8) Faa. ( IT£111DIAII_RtCOII); 

IF lO(,.DµWIO 

THEI l£VELS_l_THRU_Z_M11JMIM.IT£N • L£vtt_z_ttl•1t111.IT[N; 

HO; 

£ND JTEMDEMIID_cotl'; -

Figure t: PL/I code for ITEtllEMNtl IS nE Sll1 CF CEJWIJ f(JI EACH JTEt1-IO 
, \·,~- ? 
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a. o~e is found that has an i te•- id value matching the driver's i te•- id. value, in. ~hich 
case all £XTEt«EJPR1CE records for that •aloe can be generated; or ··· · · · 

' ' • , ,';(. -' ~ 3 ;; ·. ;_. . ' '• 

b. one is found that has an i teM-id value grtater'thi11 the
0

'drfyer's,'t,r t'1e'PRJCE
0 

file is 
exhaustt"d, ifl which case there is no matching valaeillld the inner loop can be skipped. 

• • ••• f 

2. (Inner IOJ8P) ,Offlua~ 118 :tllltpuN·ecdt'dt 1'd'r tWt)• tttt.-i d value, reading records from the 
driver as you go. When a driver rffl)fd is read that has ari-;tte■-id value greater than that of the 
cur rent PR I CE record, or the driving file is exhausted; '9lit: ' l r, · ; '" ' : · 

l. If neither input file is exhausted go to step I ind npe-at; otherwise exit. 

tn this way-eacb record of the PRICE file is read only .ontt32 

A PL/I implementation of this algorithm is' showwlri:l'ig;:~.'" Tli(r_ncfi!r will notice that this 
. ',-'~'!'. ·~.~·-_· " \;..' . 1,>. . 

implementation is unnecessarily inefficient becalillL ..... ,!:~~JCE record is not found the 
': ,•--~-t.~ .·',.-,~.1. ~-• i"f.:.,. ' . ..,,_••1_,..;;,1t..l'·~ 

Inner loop is executfd anyway. '1'htt ts ~~ .wit\ happens in the general case where 
.-'>-~ tt·. ·' ~, ~·· ',',1· 1,:,_; ~ 

there may be cakulations in the inner toot, IMlt~ft:'ttifliN!•"P'fformed without the use of a missing 
1;;;/ 

input. 

V.J Aggrepttd Co1J1i'utations 

-
The aggregation t>f two or more computations into one nested loop Introduces a ~~deration 

. ~: '. ; .ff:) ~· : ,,.: .,,',~ .; . ~ "- • 

not seen before: the synchronizatieR16 muffMiltitiit:u •c:ilff\!lefitl\iip ~: ~sider the two 
; ·.:·- ,,,'.-,:."" __ .-·;,'(" . ., ... ,..,~~-~.,:~·-~ ~-~-~ ,~ 

Hf BOL computations: ·• -- ~ h' '. · ., "" · 

EKTEMJEOPRICE IS PRICE* ClmENTOFIIER IF PRICE Pf'IESENT 
ANJ CtJHNTCRER PRESENT 

VAL\.ESHIPPEO IS PRICE * JTEl"IEWI) IF PRICE PRESEN,.,,~,: i i-., ., .. • ~ 

NI) I TEl'IEWff PIESENT 

32 If CURRENTOROER had been unsorted or sorted differ~tly, records froryt PR I CE would · 
generany be read Jmre-thab.once. . 
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where ,CURflENTOROER is ~fie same a$ al;,ove (wtth,tn40 Ute■.-; d, awe ... i cl-l) and I T91E1ANO is 

a file w.ith i!l(l~~ Hte•.,.id). ~1"" ~ ~ ..... • fint;Cllllplllatilat:llft;lie1tmplemented as 

a . two-lev.et,. n~~.; loqp; .',;tw sec~--~•1•M11 ov.,,the...,..le,,i,tea-o-t d and :IO has 

only OM leffl. 

4,! ~ ~~t~ -~' · ; , . : , : (t' :•I ,, · 
l.eveh ( i t-e11-idt 

. ' \~1~ ~~,,)~\:. . 
Protog:: calculate value-tltdpped 
Out,:,utllp,Nlf>ty 

A 'llPAAlf fflJY,,; H :, . 

Ef>Hov- apty 
OuiJ>!IJ~~-:•i''l ,-r··; 1 ,._,,,,;c:'.r•if, 

Loup 2 ;(inner loop) 
~ ,+P-~-ll : .,.Ji ~~nMh> ¥~-,'Wik · ; : ... r , .• ~+• •.· _,[ ; · -· •,: ·. ··' ', '., 

- Inputs,.: -IO.llefltREU 
'"•c· •,f.'3/~•-.11JJJ,-- ;;;:; ,~~tttl4JMlla,,..dvtwice -~•C•";; ,i , 

Output 9p:fEXTBIEFRICEJ 
,,; . -

lnput5E: np-tg 
:Ep-j,,tQ9: .,.,,· ........ 
Output9£911Pty 

, "p f'r , ~.:.·-~,· .... ·.,a.,~~_:, ·~~ ,:,.t;. 
"' .. ·,...,,.,. - i- • .:_ ! \ -:1- J.:. ~-~ ·,;;,:'-); J,-' ,~·'. • • . ',\ ~- 1 - • 

What _is significant here is that the computations tn the aggregate occur in different levels. 
-~~~~-- _(}\: -~11 h.; ,~ .. <~ ):.i} .-:: rf~ ~-; _ :_·1v ~_: __ ~ ~1r~r1 

Suppose that the PRICE file is guarantftld to have a record for nery 1 t•-id. Then I TEl'IE'W«J 

is the natural choice for a driver for the value-shipped computation because a r~«--.,...... · 

will ~! gen~rat~ if apd. ~J;, i!,~IJ.P"•· ~ -,, ~ tft, lfa!lilEtWJl, ftrr,dle,111• if.ep.:: iM · W the 

extend~-prtc, compur.a,lk>n. tw,£N\~:-A,:f.~-,-.llrlec~;the dt't•er. 
. - ·: .. 

Now the, .~ter lQc,p itci:;a~~. over J,~-~ ,...,._. ...... ~_... :dri\fers. Suppose the 

first record of ec1<:hJriY_~ ~ read;.., There.~re th-.~ ◄•....,.._,.,, theind"attve -n1uen,t tfM·, 

_i te•- id keys in thew records: 

33 Notice that in finalized loop description there ts no General section. 





( dec-laratic)u) 

( OIi C1ffld it i OM J 
(read CUftRE■TOROER end init;alize l£YEt_Z_MPU-.'ffflt.■,~l_al£W,".l'fOl;j 
( read JT£f1DD,ANU .,,,J :tnit 1alize LEYEt_l_M11UUl.ll£N • ITt--_aCOII. ITlN;) 

,-!·• "* ;-.•/.;''-'-:'! '-~ J:, ;;-; ·.,-;)?" 

(code to set the synd\rtm1tat1on flag ror eech level to false tr tis drtyer lted'"' records) 
(c""9er_h°';' .• -6-· IJ£fl qlws t• Ht syacN•-•H.t fl4': 1; 

1f lEYEl_2_NlWHUUTlN > Uvtl_l_NI•--· JTl,II 

lfVU._Z • •t••: 
u~u .. 1_TI1h;:.~ .. - .... in11 . ., tdll_l_ttllFUlll.lffli; 

HO: 

E\.SE .1~1.ntl_2.:.lllfl .... ltSt' < lilffi,:.;1.:_11 .... , 18 -· 

fffH 00; 80_tE¥ll_l • •t••..: 
. AJWl;.;.• ·• ,.,1,t-:1 ' ' ' 

UYUS_l_ fffRU_Z .. MlllflllN. 1TEM • tt¥tl_Z_WIWJtUI. 11£fl.. 

nu -10-; to_tuu_t .. •1 11-; 

1-fVt:l_l.., •t•I; 

UVU.S_l_JMRU_Z.:_IIJa .... 1ftl'i~ LMiii~,~---~imt: · 
tlB; t ,H ,, qj .3A l ·< .;• 1 

_ ·: ; ~ i ~·: .(:~F.1 .::rr 
1N) Wll.t (lfYU._1-).; 

( rffd 1'11« r«onl1 

lF fOUNU.fJRtCf.:,RtCORD JfffW (calculate ....a wUe ertnde••,rtca) 
,. ·,· ( t!t.S -C8llllfJB'Olalll( _. ,.._t · i lNUJl,!l'lpall:f.ftlf .: ....... Jlte81b ;<fttll;J'. 

(checl for aof) 

If l£VEt_Z_ftltllllUN. nu, )•.tffl!U.)L~Z,£ttf1t .... ~l-UfU'..f it'·••::,·, 
nx uw:l_z • • 1 •1, 

If OO_LEVU_l lltEI DQ /• Etti let U¥[l_l •I; 

' ·~• ............. -·~--..., .. ,_. .. ...,,.. Neenf 
( read Ufte[ftlllll _, rent 

. :tffll~i_,._.;119••: t ,._....)tdliW .mw:YJ ·• 
tllD I• E-,Het UW.l_l •/; 

(11nchrontzati•n co4e exectl~ u above) 

HD /• UVU_l •I; 

Figure 6: Illustration of synchronization code for aggregated computations 
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PAV _CCl'I': PROCalllE1 

DECLARE OSAGi ltflJT f llE SEOUENTI Al RECtRJ. 
~ Y OOffffl fl LE SEtl£Nn Al Rtftm; . 

DECLARE 1 f'AV _~. , ·. . , .. 
2 Bft.ME F re m;1rw. <u. 
? PAY Fll<EO IEClfW.. (4t, 

1 OSAGl_fEC(IIJ. 
2 El1PlOVEE f IXEO iJECJlW.. (4J • 
2 r£FJteJ M. IGEO, 

3 .nm Bil Ut. 
3 -OVERTUE tH T U l. 

-2 mm tiXEitEnw. i3t: 
2 OVERTJtE FU<EO CECUW.. tll& 
2 Em..ffitt 'FlXED: 'IJECJftAL •• , , 
2 t«JmS fJXED ~q,w_ (llt . 

OECl.AfE 1 SF AlJ11£0. · -_ . 

2 OSAGl ·Bn JU !IW..HitEO INHIM. ··•·ah, 
CM £MJFIL£ tOSAGU EfF.OSAGl • •1 •th 

. . I 

READ .FILE fOSAGlJ U.ITO 1DSAGl_REC(R)h 

00 YULE (- BF.OSAGlJ-; 

J F ffiA'Gl. lEF I tEO. KlRi 
TIEN ·no; 

PAY~RECOOO.PAV • OSAGl_JIECOIJ.MUIS • 3.81 

PAV_RECCR>.Etl'\.OYEE • DSA&l~~a, 
~ . , . ' ,.~ ' .. 

'1ltTE iftE tPAYJ 'FRm. tP,.v~, · 

READ FILE fOSAGlJ INJO fOSAGl_RECtlllJ1 

at); 

ElSE; 

READ FILE_ (DSAGU lttTQ f~l~Ji 

Figure 7: PL/I code for PAV IS ~ * 3.88 with Affrepted Flow 
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used. If the sort orders are compatible the method of access is completely aJ1alogous to sequential 
- .. • ~JI. ' • 

· access except tbat "records" are "read" frVf.lHhet.able 1n..a of sedN'l\fary ·s'twage (see Fig. 8). 
,lo\: ,,-. ,- ,.· 

If the input file is "randomly" organized (regional (2)):lfie ~ code generates a hash index 

and then mimks the PL/I access procedure: compare the key valueiskfl1~' fndkated table entry 
·,:P . 

with the desired ones; if identical stop; otherwise examiM ~tt 8tttfft lff wrap-around fashion 

until an empty slot is found (end of the bucket) or a complete cycle has been .made. If the sort 

orders are not con.pati'-.aimore•mmpltcated biffitJ ~&tmpl!me11\ed. 

V.5.3 Random Access 

When the records of n mput att- directly (regional (2)) organized the file is randomly 

accessed. Instead of using a ~- as 1jijtfl,stquential access, a single read, using a cakulated key is 

executed. For . example, if the PRICf fife tti 11,t· E.CTEN:EtFRICE c~utatlon (above) were 

randomly accessed, the accessing part of the code would be: 

PRICE_RECORO_HASH_VALUE = MOO {5 * um {LEVEL_2_MINUU1.ITEM,)},}; 
PBIC:E41ECOAP-.JfASM_VAtl£_sm1N& • PfUOE_Rectff):._HISff_VAt.lE:. 
PR I CE_RECORO _HASH_KEV .. 

LEVEL_2_MINIMUM. ITEM 11 PRICE_RECORD_HASH_VAl.lE_STRlt«i: 
FOUNO.PRICE_RECORO = 'l 'B; 
READ FILE (PRICEJ INTO fPRICE_RECOROJ KEY- (PRICE_RECCRl_HASHJ(EVJ; 

The first three statements cakulate the source key string which has two parts: the region number 

(rightmost 8 characters) and the comparison key (the remaining characters). The case where the 

record is not present is handled by the statement: 

ON KEV (PRICE) IF ONCOOE • 51 THEN FOlHJ.PRICE_RECCRJ • '8'8; 

which resets the FOi.HJ flag if a "keyed record not found" error occun. 
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lf f.Of .PRICE 

114(1 DO; If FOUIIO.,aJCE_RECORD 

lit£■ If ,.l~,;.~_119U < .- fll«:..MC4a_S11l 
Til£W NIC£_RECOltO_IU[ll • PIIC£_•taa_lllD ♦ I; 

U.Sl H!f .l!ltl,Cl · • •1••: 

NJCl.._Rlt-..:._m.Altl;. 

lf £Of .PlJCE 

·. -~r--~.ftJ&aJllCQII • ~,.,. 
. ' US£ If- PIJCE_RECOII. IT(N • l£V£lS_1_'111W_Z_NIIHIII. ITUI 

£ID; 

ltlEI fOUIO.NICE_RECOltO • 'l'; 

EU£. If. ~Cf_llKqll.fff,11 >, lHll.S:.l.Jlliu_l.:_tlllll-,111i!R ,, 

TIIEI fOUllt.PRICE_.CORO • 't'I; 

US£ DO; If fOUIID.PlltE_•CORD 

t•: 

TIIEI If PIIC£.:,•cORD_IIID£X < • ,uct_R£CORI_SIZ£ 
. - JIIH:ta __ aaD_llllll Ill •• 

PUct_tiaJll_l_X + I; 
.. ,lUf.,Hf.N~.a 11,::·" 

IO TO _,aia_ .. _:c!8AIE; 

Figure 8: PL/I Code for Reading PRlGE bJ ~e Table.in the kllihdel Pike Computatton 
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11.6 Tht Crntral Case--A Sumnzaa 

We have seen th.at the basic code structure for a computation consists of the following four 

parts:35 

declarations 

on-conditions 

loop initiahzation 

the nested 1oop=-

The basic structure of the body of each loop in the nested loop is as follows: 

rttad & match non-driving inputs 

Prolog caku1ations 

· inner loop (if any) 

Epilog cakulations 

write outputs 

read active drivers 

determine new active drivers 
and index values for the next iteration 

k>op synchronization code 

exit on [OF.or (for inner loop) sub~iadex (ha.-ge 

39 It may be .. interesting to note that ProtoSystem l's code generator generat-es these sections 
simultanrously as four separate output streams (ratber4han •..-.U,,Utat aM~feid ~ 
when they are an finished. · 

36 There is no clean-up code following the loop bedHlse ttae·ffld of die :job·step which Is the · 
computation does everything necessary, including the closing of files. 
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Appendix I: The Simple Expositional Artifkial latipap (SEAL) 

As an aid to discussing loops we invfflt an artifldal language limtlar In form to tradit~I 
~- ;_ 

high-level languages such as ALGOL. PL/I and FORTRAN. The bask constructs_ of thli 

language a re: 

Iteration: expressed by the construct: 

for each <loop-index> froa <driving-fl~Nt> 
<body> 

end 

which has the meaning: pt'fform the actions contained in the <body> for each Yalue of_the <loop-
,~--:'.!: ;ri :n}c_~ ·· < •-s;- .. -- )i-_, • · 

inde,c> obtained froot the flows in the <driving-flou-seb. <loop-index> is the ekher the 
• 4 ·, ~-- .: ~·-'. 

name of the index associated with the flows in the <driving-flou-set> or (for r~sons that 

become evident in this paper) a sub-index of corresponding sub--flows. The set of values that the 

< foop- i nde><> rakes on is the union of the index sets of the drivers. This set is enumerated at 

execution lime by reading successive records of the drivers. 

1/0 ~nd defined: input (record fetching) ts expressed by the get operator. thus: 

get <variable-instance> 

where <var i ab I e- instance> specifies a flow and a particular valutfar Its lftdu; represented as a 

Yariab~ (see below). A statement like this mnfls:'fetdt die ihilltd!d fiitDrd·tf it exists. 

Output is expressed by the ur i te operator. similarly: 

..-ite <variable-instance> 

The defined operator is a logical operator for use in conditional exprmtom._ It ts 

applical)le only.to now_ variable instances. The form 

def ined[<var iabte--rflatance>J 



evalu_ates to. "tn,e" if t,:ae ,~ified r~, or,the ind.ltatt!Q:1- flistl. ,,tn partkulilr, tf the recer-d Is 

an output it Is "defined" if and only If the generating code produced a datum for the record; 

i f ~condi ti on> .Ulen-<ittatellet'\t- I labr 1 

else <stateMent-list>2 

which means that If the logical expression <condition> evaluates to •true• perform the statement$ 

in <stat emen t-1 i st> 1; otherwise. perform the stHenaifla '.<etat-.nt,_ t f 1tb2• 

Logical expressions can be f~rned ,UQllg the-"erith.-OC ~,.,-ators, the defined 
. 'L . Jf•lJ 

operator, and the logical connectives and, or and not. 

Conditional Expressions: expressed by the construct: 

if <condition> then <expression> 1 
e I se <express i on>2 

which evaluates to the value of <t»CP,-ees ton>, if .IIM! logical expression <condition> evaluates to 

"true" and to the value of <expression>2 otherwise.. 

Variables and Assignment: expressed by the construct: 
. . 

<variable> .. <e,cpression> 

where • is the assignment operator. 

A variable can be either a scalar or an indexed variable. Flows are represented as tndned 

variables with an index identical to the flow's index. Thus, CENIIHU•~ild, ·•tdfe .. i,d) is the 

variable. fOrresponding to the OE~ flow and anJnstance ;c,f fts. mdid' select, the datum of the 

corresp90di11g flo.¥' record.;T~ti+ for example, the statement. 

OEMANOU234, 5678) • CURRENTOROERU234, 5678) + 
BACKOROER(1234, 5678) 
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mum that the datum of the ffCOl'd Gf,IBWIJfor ftem .mt ..... l!dly store •!1678 Is to get the 

value obtatned bJ adding, the' data ot ftle, ~Ing rtaNcls from''~ and 

BACl(CJROER. 

Typicaffy, the r«ord--by-record ca 11putatieff ~by• 1 fll86li/floir equaUoB wouM .loot 

file that equation translated into our artificiatlanguap(with'I generitlimMnd'ex). such as 

(EtlANHi tea-id. store-id) • 

if definedtClRENTCRERI i tea-id. store-idJJ 
and defined HWlCOIBf U t•""ht.,, .flor+tt.;;.fdl l · -

then QIIJENl{REUit--ldi •tore,.;1dt +' 
BACnRER( i tea-id. etore-id} 

else if defined(ClfflENTCRERfitea-id, store-id)) 

then Ct.RENTCIIER(itea-id. store-id) 

ef se if def ined(~(H--icti &tore-id)} 

e I se undef meet · 

and would apFar somewhere in the body of .... 

· Sub-flows: ~ sub-flow (for use in the for each construct) it npressed bf. 

<flou-variable>f<sub-index>) 

For example. 

ClffENlOOCER·C i tea-id) 

denotes the sub--Row of ctRENTER9 comtsttng ,or just'1flose:TfCOrds whose mdkes correspond to 

the value of the sub-index (item-id). Genera My, the mue of die Wtcated d'-indri ts-n~ed. by an 

enclosing loop. 
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