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Data Drlven 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 Hi'°h · 

. . . 

Level Language HIBOL and the automatic programming system (Proto.5ystem I) that supports it. 
< -~ >. ' I <t - -'' • 'l - • 

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 
_,,l • •· 

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 aff data processing 

applications: batch oriented SJStems tnvQlvtng the _,.etittft ~ of indexed records from 

dat<J filel. It provides a concise and pewttfot way af dealing wtth data agtreptes: HIBOL has • · 

single data. type, the-JIOlll. Tm camtruct Is a (posslbtf ~·tiata ~te ·and ·reprefents a · 

collection of uniform records that are individually and uniquely indexed by a muki'."CompoMnt 

index. The· ~~ts of a flaw's-index are a""'·'if1J Md· the terif.tfi•n Index's. k~ ts called its 

1t11-ru/Jl1.1 Each record has a aingle data field ·(4cztalil} in'.Hditlall' tcfihe index tnformatkJn. 

(Real-world data ,aggregates. such as. fttes, Witlt moN titan 'GM' daftiltt·'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 Expttssions 

FID111 ttpessions an be fOlllWd through lite application of arithmetk operators such as • + • · . 

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

tM data of corresponding records (those with matching indices) of the argument flows.. . 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«0rd is identical to that of the matched pair, and the datum value is the 
; 

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

arbitrary number of flow argummts. 

Ftow expressions an also be coostructed using a conditional operator (similar to a •cAsE• 

statement) which evaluates_ logical npressions in terms of C:ormponcUng flow rttords in order' to 

addition .. ~he PJESENT operator ma.J be U51Jd·tetest dee prenam:of a reconl DI a ftow for a gtYen 

•alue of the index, of t~t Qow. :Thel!-.-y wra1nposidus81fthe lap:il mntlC!Utv~ ~.,-. ,..

and "till'". 

FmaHy. there is a class. of ttduction operacors pennilled • flews·and flow ~ The 

function of such an operator is to reduce a ftQw-with-an ~ _. te Ml!~ an M-by it.ldn.' 
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1.p.flow, Eqµayons 

Relationships betwttn flows are are exptt~bJ,/lftt lfMltloRU»filheform: 

<floY-naMe> IS <flou-eKpression> 

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. 

Consider a chain of stores whose items are supplied from a centnd waHhoua 1 'The collectten 

of store orders for iteJU restocldng on a given ;day can be tt.aught ·of ,H a. Row called, say, 

CURRENTOROER. A record of 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 -struaUte) 1'etM"stnfiftg the 

collection of (quantities or> previous orders that could either not w.filled or ~ only partially. 

The HISOL statement 

CJEMANI) IS CtmENTOOOER + BACICCRER 

describes a new, flow OEMANl representing the t<QI 4eJRind of eadl· atem by. each sten. That is, 

each record in OEMANO contaJns a 2-component (ittm-id• $lore;kl)Jfldex, identifying it& datum Whkh 

is the sum of the data for the .same Uem and store in the CllRiNltREt and MCICiiRER flows;. 

TM, HIBOL stat~t 

ITEtlJEMANO I 5 T~ SlJ1 CF OEMANJ -FOR EACH ITEtt-IO 

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



. . 

the total demand of~h itrm from a/l ltCRS. That is, adt of Its RCDds lus a stnclitGMpanenf 

indn (item-id) identifyiltg1panialtl•-- _.,.dallilflS ...... , .... ,... ~,......._ 

across al stores in thr chain. 

1.1.5 Additional Information 

The computational part of a data processing sJ*IR can he described by giving a fuR set of 

- for each flaw•lMOJlllfUletlb ~ ill·Rltx~ the type., ... ._ ftfile.·and the 
periodicity with whidt it is ca.... . 
- for each key its typr 

- for each pmod its tiine relation to other periods. 
. ' - ~: 1 

A nm..uprasioa, asaplaintd .._ ftf'leeub a·111·etflads*-ifted·1>y 1he ~-by:.. 

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

In this ~per we sha.ft be in«erested in exactly fGr .... j iftdft ~ {iftd lhus ~s) the 

indicated fota 1fa ts appW. lMld ~ ttwse·ln*lt ftlaes'IS la .... die,,,,.,,_ ut2 

Thr HIBOL ·tlllgng~·'R··ratt.ef.·W.IM1 ~' "'*1fflnj.,tteriitton. -- Jr c:antalnS 

abundant prcmSiens (lt.'88gh dW uw fit *'-"4 fbrfMplidt·stdilllticl'basW .wi· the~ or 

absence of records ift the flows appnring in flow exptessimls. For ~ the 'HlabL flow 

2 After Baron (11 

----- ------------
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describes a flow that has a record for each tNMx Value' for 'whtch either 'ClltRENTDRCER or 

if both flows have a record for a given index value, the resukant now has a record With the 
same index value, whose datum is the sum of those of the cor~lng records In the two 
flowst , ·: , : . ., .. , .. '. ·:.··.·J:'.".·:·. ,'·,.·, ;': · 

if only Ofte .flow.· has a mor;d for • gtffft index 'rihif, the mblam 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 
' c _,;' ::--:: . •',.'' 0 --

+ is performed if and only if at least one of its opttands Is present Hd t~a~ ~~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 fu11y explicit iteration set: specifications. ,Stl(h can be .obtain~ , through the 
:'"!; • ' ~. ' ,:, e • • 

thorough use of the HIBOL primitives IF and PRESENT. Thus, .!heJ~llJ .e~pli(t~ J~ of the 
. " .i;~;< -i :. "· ~ . •. ':. ,, . . ;t ,:; ' - .~ .<"' , 

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

CtllRENTORrER + BACKORCER 

ELSE CLAENTOROER IF 

ELSE BACKOOCE:R IF PRESENT 

Here the Index values for. which the flow expression's formula is to be applied have been mad~ . 
. . '.:--' ~.:~ ' .. ~ 

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 
.;~ .· ~ , . '. ' , ··-~i--fj;,· !c_;_; -~·-:-·'' ~~--.· • .. ,.,.; -~ ':·:. .. <.:~. - . 

"-·" -~---~~ 1 , • 

records in the flows involved. This is a legal HIBOL f1ow expression. although tn view of the 

existing conventions it is overspecifled (r~undant). For our purposes we.~- d~~Sfl: a. 
' ~ . ~ ' ;. . . 
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description is dtcla.rativt in nature: it describe~ the r~shtps among the flows. An implemented 

data processing system is flroctdural. in natU,re: tt. lml$t dacribe in cietail how the flows are 

co01puted. Th~ flow equatiQOs must be ~tintefpretecl as ·ltuic COlftplltatton steps (With an otnput 

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

can be performed (the computation prod~$ng a J1ow ,must· -.pedoaned befeire any tempatattons 

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 cooJain·tlM·~ttoft.,represent.ed ;by: OM· or mote flows; 

each job step wiil perform the-processing to1atWy Ollt.•tx 8*'tibf.~ Tt.e<dftlgn;of each 

file (information ~ntaintd. organiz~Uon,_ stor,ap-devke, remrcl sort•ad•) _,,death jOb step 

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

to minimiz~ some overall cost mea~ (~~.·dollarst-•nd-Gnts.Ct'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 Generati0n:. 

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

executed. 

1.4 Data Driven Loof!s 

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

• In ProtoSystem I the design process is performed by tbe Optinli_, Designer module. 
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any set .()f values for a pamcvtar.mdei an Inda sft:attd:wttdhdngulsh tWo spfeiat kinds of index 

sets:6 

The set of index. va~ for which a flow f ·~tns I MCON ii called the tndn Stt or F . 

(denoted IS (f) ). 

The set of index values for wfl¥ft, an tnput:flr*·"f(contaiM'•·~ 'iftit wilt be usecfln 

generating _a record of the ouaput flow f;,the·trt,,,.NtttlftolW'f'F};liff/ftuf>'ct to F (denoted 

These two. should not be. Q)f)fused. CJ~ (f1l fer same ·ftn F wttl often '.be . a pioper subset or 
;_.'-: "''.·'·,··, 

The problem we face ii t~ of finding someway..r·~ the ctltka11ndex' sets or . 
each input so that loop . can be ropedy dmen;1 •It'• it-• illf'IHtpt"M.ticaho use the set Of all 

possible (legal) index values for which an input might *"' w~r«Ortt: for Oife thint 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 rEWtl 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·siie (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«0rd of the output can be produced on1J If there is some 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 ·1nc1a set•. 

7 On no account, of course, can it be other than a praper er ...,.... subset of IS tF1J. 
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.ctu11 of Data Drtwn Loo/JS 

Before a general treatmmt of data ilfifttt1klops l!ltt lie dfftfaped'tt ts' necessary to exatnine 

the struau~es of.the loopJ encountered in the HIBOL ~ We 'bfiin;:bypn!setlimg 2 taxonomy 

of computation _~ypes·and their corresponding ...,, ......... tatiofts.: · 

II.I Loop Ttrminolon 

B'efore discussing loop 1st:f'QCtures it is usefuH&establish SOMe'tmninology. By the term loo/J 

we mean a cootrol construct whkh somdtow enumefatft •-set or nlues for a ltJO;-tntlt'X and which 

performs a fixed sequence of statements (its bod,),~ for each 'ilue ofthe loop-"lndex. A loop 

may contain 1>ne or; more loops within its body. The mner toops are-said to be ntsttd within the 

outer (enclosing) loop and ttMMtructure as a whole ts called 'I: '"sttd too; straicturt. ·Each enclosure 

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

where rhere is no loop. in the. body of the outer loop, Is ca111!d 'a ngl~ltotl IHfJ, since there is only 

one lqop Wvel. 

A totall1 n«st~d loop is a nested aoop· struc:ttlte whose awnplDltel1t loops are totally ordered 

under enclosure (i.e. for any two loops L1 and L2 either L1 is inside L2 or L2 ts'tnslde L 1). 

· 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 Us 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 tmptenlent more 

than one flow equation. (aggregated computations) simultaneously. 
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for each (eMployee-id) frOM ~S 

end 

H defined DOR; .(e11p I oyee-ldll 
and not OORHe11Ployee-id) > 48) 

then l-ll.JRS(e•ployee-id) * 3.8 

else if defined(HOlflS(e11ployee-id)] 
,,·., 

then 128.8 + (Klm(ettptoyee-id) - 48) * 4.5 

else undefined 

if defined CPAV featp 1 oyee-id) J 
·then write PAVfe11ployee-id) 

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 KUlS flow. For each index value, the 

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

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

,t)' 

translation from the HIBOU:flDW "llJafim., 

For reasons of exposition the loop Implementation presented here is oft~ most general form. 

An actual implementation w0u1d incorpo;ate various. efficiency t•entaandng improvemenu.9 

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

9 For instance, since the for bu to read the next record of the driver tog~ the current index· 
value, t~,ge't coulcl,,k;~ .,FurtMl'mcwe;ae~dtfttned eestsrttto>•Mt':ftAV mltUtadoft 'COUid be 
omitted since they are testing the presence of record which must be present. FinaHy, in this 
computation, the check before output could also be omitted. 



ff 

11.2.2 Matching Computations 

A matching computation computes a non-reduction ,... apRJSitln IBYOhtng .two or more 

from each input flow. Corr~ is established hf aJRnOft index values. The name 
~ . ' ' ,. ~ 

•matching computations• deriVt>S Crom lM necessjty of matching up die records of the Inputs bJ 

index values before tMy can be aper-at~ on. 

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

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

11.2.2.1 Expressions Involving flows with a Uniform Index 

Consider the a paJ calculation similar to tr.at givm aboft. but where emp1oJees are paid 

PAY IS . JD.lfS • RATE 

ELSE 
RH£* 4e + 

.If tlUIS PRESENT 
lat.alE!MWI 
.. llR lllllS > .. 

MIR> - 48l • I. S * RAIE IF . lllE AEHtt 
'" Mll.flME,JWWW. 

fORj. and RA TE hne identical indices. Nch consisling of the siap le)' ·~ id·. The IDap 

that implements such a computation has a siagle lml 

Because a ret:Ol'd ar• ...- a , • ......,... .a,•._ II a ....--ID et.llU6·ftl!• tliat 
.,._.., 
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file alone Is sufficient to drive the loop. {Akernalivcly, by,milar. reasoning, the RATE 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 HCUlS 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>foyee-idJ fro• HCJlJlS 

get lOJRS(e•ployee-idl 

get RATEfeMployee-idl 

PAYfe11tployee-id) • 

if defined(HClJlS(eMployee-id)) 
and definedlRATEfei.pfoyee-id)J 
and not (~(e111>loyee-idl > 48) 

else if defined~(e•ptoyee-id)J 
. and defined.CRATE l-.it _,....,Mt) J. · 

then RATEfe111>foyee-ldJ * 48 + 
00.JtS(elljJloyeeJ - 48t * RATEht11ployee-htJ * l;.5 · 

end 

e I se unde f i ned · 

i f def i ned CPAY le111> I oyee- i dU 
then ur i te PAv(·eMPI oyee-id) 

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

. . 
(to determine whether the corresponding get was successful) and the def I ned check on PAY Is 

necessary {so that a record is written if and only ifadatumwugenerated). 

~ow consider the HIBOL flow ~uation 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) frOll ClJRNTtllJER~ 1MOC8ROER 

get CmRENTCllERO tea-id, store-id)· 

get BACICCJROER(itet1-ld, stor:e-id) 

OEMANOlitea-id, store-id) • ••• 

end 

if :defined COEMANH i tea-id, store-idU 
then urite DEMAtl.ltitea-id, store-id) 

. IL2.2.2 General Discussion of J;xpresstons lnvolvJng F-. With Mtx!d lf!clkes 

17 

The treatmeJ1tof mix~~index flqw "'Pf"CSSiops 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$Sions 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 idt111ical to tlttir (simJ11t} 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 particUlarJndex values (x1, y1) and 



• 
(x:z. y 1) and that there ant lftOrds • B far hldea ·Yataa 411• z1J. (y1• :14' _. (y1• ti- Whldt af A's 

records correspond te, ...... el e·s r~12 

For correspondence to be 1Maningful aad ........... tt mmt • tk cR that the union of 

tM pair-wi~ intersectiQns of the ley-tuptes of tile indtm tnYOfved· b ~to their union. This 

is always the case when ther~ exists ·an index amcmg·tk f'laWs illftlftd 'Wirait ley-tuple is a 

5UpftWt of an the key-tuples or the orlm' llDws. 

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 instance, the three flows: A with 

index (x, y); B with indn (?. z>. and C Wittt·lndel·(l.,t). Ccinrespaedll( tripl!lsare all llRbJUe aRd 

unambipous, of tW ''°"" (Kt. y~. ~J; r.t {xi- 1tl Ftir:.tle iii&· of '*"PldiJ.qiMWfn«. thfs case ts 

pruhibik'd in HIBOL 

IL2.2.3 Mixed-Index flow Exprnsions Allowed .in HIBOL 

It is possible in HIBOL to apply operators to two or more flows having different lndica as 
~- .. · . . - : . ~ ' 

; 

long as each index is a sub-tnckx of the index of some unique flow~ inYOlv~ (i.e. as long .as the 
, ,, '--· .;;;jf. .~ _. 

key-tuple of ttach index is a subset of the ley-tuple of the index ol ~ unif&ue flow). Clearly, the 

index of this unique flow is identical to the index ol the flDw apnsston as a wh*. HIBOL 
.. -· ::;; 

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

lnYOhed having indices identical to that of the flow npmsica · 

-'~ Qf courw. we oautl allow· all-pain to 'man (in Carteian·~,fbhlOn) so dtat ·tt.e 
expression A + B would repr~t the six possible combinations of additions for these 5 Index 
values; but this would change (extend) the semantks ol HIBOL 
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(the flow CURRENTORDER) in our store chailt uample.-·bft,f!MEErw'a floW lhddeeF~y~ltem-id), 

each of whose records has as its datum the per-item price associated with d*t-aiem'identified 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 

The intent here is: for every record in ctmENTCRlEFUiad.>tt.. ternaponcllnf"emrd in PRICE and, 

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

of the value of store-id. This augmented definition of correspondence Is extenchirtcjifhe geriem 

Sime a set of input:Aotls• each with-meta icb!nttal to the· f19W expreislon's, can be u~ to 

dri~e a. mixecHndex matchjng computation, itJ imptlnlf!M6tm'k ilMlffily' Id tMt for 1 Uritfonn-' 

index. matching computation: the sorted dtiv«s · m md M'IUcli '* way as l8 enbrilerate: the ctttttat 

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

of the inputs (including atl those whose indices a~ sUMndkes or the'Aow expression's tndet). 

13 ·The extend4!d Pfke of ,a cwuantity ordntd 1s the prodUtt ef t~ qaaftttiy afld· the per-ttern 
prtce. 
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Basically, the outer loop chooses a value of t~~Jf'~ lftd fetdte the corresponding 

PAI CE record. Then it performs the inner loop. Within the inner'IGop··tfie vlfttt!.Of t~ item-id key 

is held constant. All corresponding~t«arOs'Of·'~R are' read; and· the computation 

described in the flow equation is performed1usk1f tire data·afthese'~s tdgethtt with the datum 

of the PRICE record fetched in the outer lebp. 0T1'rresultt''are1Uied:·lt)'IMM "Ind output the 

corresponding re<:ords of EX·tetlJE.oPRt€E. Thaprocess'ts~Vtttfl'tffe nows are exhausted. 
~ , t ·r~ - ;: + ~ 2 

In detail the implementation is as follows. Before eith_ei: 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 ClffBUmER ·aft4·m.tt6Mes'to read records siquentiall1 

from ClJRRENTOROER ~ntil the sub-index is obsetftd'f.ejthange or n md-Qf..file ·condtttorr·otcut's~ 

. 
Wheri either of these condiUens occurs. it Sift to the OUtlr loop. If att·:ebf has Ocalrmt, the oiiter 

loop ,exjts .. Otherwilf? it iter~tes, using the suit .ind ell· va• of die aaml!ilt ClllEitlftkR rec:bfd as 

perform;ng tht! inner loop again. . . 

The ~responding SEAL code is: 



EX1QIJEll3R.lCE f i t_..-id. . stere-Wl, • 

it·definectlOl&MltJIEU•a. .. w. ~• tdlJ 
. and def i ned lPRICE ti tett-idH 

then ClflENT(JIEH i tea-id. store- idt • PRICE U t-- idl 

else undefined 

i f defined fEXTEUfFIUCE f itet1- id. store- i dU 
theQ. ur ite BJFJIBllllltEll ._..id. store-tdt 

dri~ by QlilENlOIEU He~ id) (the sa&ftow otalllENTCRBh:iatdisting Of'·jtlst those ftcords 

whosr :indices wncycwad to tlw nine Of die suit ilnlel: .... td)fixed l!Jf'the eater ... ). Wt.at · 

this. meam iJ. tt.at '- the eut« loop-die am -.alue of* ~·(ifl!M-td) _. be tahn fiOm" 

the next r«Ord or the OHENTIRER flow. But for die inner 1oop 1M .... ftlliie for tl.e·-iindft' ., 

(store-id) wil be talr.en from lhe next record or the JUb-flow d aRemlRiEI ... ~to the 

currmt value of (item-id); if there are no further .records in OHENTCHlER for this fixed Yalue of 

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

wm terminate. Thus the inner loop ls driven by a succesion of sub-ftows, ate for each tteraUon of 

This nested-loop implemmtation scheme i5 easily extended to 3 or 11lOtt loop li!wels when 

appropriate sorting constramts hold among the flows iMDIYed. 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 'fndeJt (k 1). 'And 

suppose further that B is sorted by k1 and that A ts sorted first by k1 and,; tGdK1n' ·:ttpwnts 

corrtsponding to a fixed value of l 1, the r«ords of A are furiW'r ~r by~l~ . .-;'hren the flow 

equation can be implemented using a nested loop structure involvlnf \f ~9<ih~rmost loop, 

middle loop and outermost loop). The outermost 1oop,,tboeM''3 ilffalf.te 'fdr th'e' key 'k 1 to be held 

constant within the middle loop (and perforce in the tnnermMr; toep, wtitdt Is: ·tontained in the 

middle loop). It also fetches the corresponding record ef".C fW-'wtfli'lfr tffe 'contained loops; 

Then it ·executes the middle loop, which, in turn, choose a-'Ylfl8lt foifM~y ·It' tdbe held con·stant 

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

the innermost loop. Then it exeC:utes the innermost loop. In the innermost loop the valoef of rhe 

keys k 1 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 ~~-- , , 
: r:: '. !"" > , ;<(f~ , -- --~ '.-, g , 

.... 

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

' •. ~;-

. read and processed all records of A corresponding to the fixed values of k1 and k2, it extu to the . 
'~. ~, - "::.. ~--~' _, :· ~;_ ··-- ";·~_,':};:: ->- '1~_,,~ ·i ,._ ~:i_, •;"""' :\ -,- ;4'.Jt ,;-. \, ·- f',<~ '. 

middle loop, which chooses a new value for k2 and iterates. When the middle loop has .exhausted 
... ,~- •1-" • ·~ , ~ r.: ... -~-~loi· ·~ -;·::r::.;::.~·:! • .,, ,,; -~ 

all p0ssibitUie~:f~ t~ value of k 1 fix~ in it, it returns to the outermost loop, whieh thooses a new 

yalue of k 1 and iterates. This loop structure expressed in the SEAL ~e ~~, U,ke: 
. - ( ·- . ·- _- --~ - \> . :_ -~/~ ;:.i1 ' - -
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treated as a single flow. 

Conteptuctlty, rhe RTgtlmmt flow· is partltlon«r Jnto sbbseu· (lob-flows) :by ~n equtvalenc~ · 

retauon deftf!M oo the- sUb-tndri (a k~ 'or;1tysr 1n&li~t~ .in ttie ~"EACH .. d~u~ 'the~ '~t,~: 

' .-- '., , - ;:i··, :~(·~{l ,~~ ~- ~-·- ~ .. 'f ,- . - ':. :~~ -
thee .output' record tormponding to that stibset. for tnnanee; rn the lirst example given above the 

• - - ~ •• ' '- - -t • • 1 ;_ : • ~ - . -' ' 

whose index <:ontatns the value itmf•td 1 for' the item-kl tey ·are in one ·subset, all refcords for Item-id 

• ttetn-id2 ·ate tit another, and so fbrth (empty subsets'a:fe ignored): Ttte.da.tum f0r the r~rd in 

• - - '·' ,. • ; . " ic' < .·: ~ ~' ~ f., ·," 

I TEMOEMANO with· index • fftem--1dJ ts;cakOtated.by sliiimiltg alfOf the.data in the 'records in the· 

subset corresponding to item-id • item-idr 

:.·~)'""~ ~ _, -~;· -J ~~;~ 

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

consists of two loops, one nested inside' the~: ·T~··time, 10CJf tm,>~u th'e'application of the 

indicated reduction operation to a subSd of tt.e~·tnput's' r«Otds: Wittt,-'thts kq; the value of the · 

sub-index defining the subset is held constant. Retqr,~trif. ~ f~ ? CF oEtWtJ example, the 
.. - < ; ,.~: ' .- ' . ' ; - • :. • ' ' 

inner loop implements the summation of the data or.the records of ~fl subset of OEtlANJ. That is. 
: ' ' .. -... __ ; '!•' 

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

Wttliin the inner loop the particular value of tf!e .kef Jt~-id ts held constant, all records of 0EMAh{) 

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

The outer loop 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, tfte. in~, COf~~ing to the 
.;: ' '... ~ - ~ ::.. ft:. 1 • • ' • 

chosen sub-index and, for examplt-, adtis thfln t~}~' 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 inittaliie the' actumufator eUM to •undefined• in the 

outer loop, test it in the inner loop for definednes"a ahd then lnftiatit~ ·tt: if undeflntd. In this 

simptf.eHmpJe we could j11st tn;ttMize it to 0 in thf-'r loitip and not botMt •ith the detinedness 
~ ,:;_fl)~ .. · " ... :,,•. ~'J , 

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

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

given value of the ~ ,item-id~ :S«orict, a· ·littll! thoUglt··•wttt Sholv :rf'tat 'for: other ·reduction 

operations (viz. t1AX and fUN) ·umialtzartoR of the'.lt'tonfidatOl'''rnUst (at least cooceptuatly) be 

postponed until the inner loop where the initializing value is obtained by tM 1ir5t·0et/ M~\ier, 

in general. when computations·.are agnregated (seebelow>..W'ntore thinone acttvlty is performed 

in the inner loop.it ts thmf'OSUble~Jf some dfffti'·~OEtl#llia·lfied)thatfor'some·values of 

item-id O(J wm is cakutafed .ilt the iPMr-kqt and ttNs sdli1s11tdlfihtld'on n1t triJrfi that IOojJ. 

If the input flow is not sorted as above, the computation for a reduct~ operation becomes. 
somewhat more c~~ Qae possibilitfa,to.c:Nali!~aftd·~lh·*i*fite'aaumutatbn tor each · 
value of the sub-index vakl~ occurring in the input flow. Since the number of aCCUfY!Ulators cannot 
be kno\V.fl (l, 1-.iOr' (~.-·ah~ tlfael ~ttllfl't•w:•Ht w atlftitlia: 'tJft 'tbe·1fY '(dUring 
execution of the computation), In PL/I, for example, the folowing (raughly outlined) sc~ might 
be used: :J -'.~, -- . ,, __ ,, Y·.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 
vab~tsoca.ar,-ing. , .,,'.,.·----~'''( ' 

" 

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

Write all accumulated values out to the ootput 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 !&(ucture-.,Used ,irt tmptemeltttng a eomputation is the 
- ' 

tota Hy nested loop. Associated with each loop in the nesting is a set of keys that it will fix ar:wd 
. -o· ·!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 bys fixed within 
' ... 

any of its enclosing loops. Thus, the set of keys fixed within a loop is sufficient to deter"tine its 
• ~J ~ .•• --~~ l' - r·, ~ 10<-

level in the nesting. 

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

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 ept~. Howe~er.,du~ing the 
• • ' - > i ·::- -. .P -

design stage, while implementations are being developed and.. in particular. when ~atJon 
~ . , .·, ·" . ·'" - t:; '.,~ , ' ~ .. _c .. :~ ~-t · ... --, 

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

.... ,._-· . ; 

a loop: 

Pro 1 og--those actions that must be perrormed before the enclosed loop 
Ep i I og--those actions that must be performed after the endosed loop _ · 
Genera 1--those· actions that could end up in eithef _...,...... irthllrtpilbf 

It ~s also useful to separate 1/Q. actions from the adMir lltttmls. TINS. "ft rff>metrt each loop 

in the nesting as a structure of tM followiag form:1i; 
-· 

15 This representation, and the theory or computation aggregation associated with it are due 
largely to the work of R. C. Fleischer C2l who improved on the earlier work of R. V. Baron. 
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(level. 
(J nputSp. Pro tog. Outputs,) 
( lnpul:SG• : Gener.a I ._.J)utputecl 
flnputS(. Epitog. Output1£U 

Level indicatn the dqJth of the loop in the nesting 

Input sp are the f ilH (necessarily) read In the Pro I og Sfttion. 

lnputs6 are the filH (necessarily) read in the General S«Uon. 

JnputS( are the files (necessarily) read in theEpi log section. 

Outputsp are the outputs gtnttater&,.,.·tt.~O!f09,Btiolt (p1 IW, used iR the·~ loop 
or in the Ep i I og S«tion) 

Outputs6 are the outputs generated in the General section • 

. - . '·~ . 
Outputsc are the outputs generated in the Epi log S«tion. 

· 11.12 Compt.nation lmplelnmtation 

Tt.e imPlmlentation ·rif a· computation as a nested loop scruaure reduces to the _problem. or 
. -~ . 

derttmining how many and which leYels are to be in the rocaly na1ed loop and w~ the 110 and 

cempUtations go. The ans~ 10 these~ are constrained by the fon:es of ftecasitJ and 

efficiency. 

D.3.2.1 Level Positiollof JIO a!!I S'!PJMians 

The ~v,.els ~. wtakh, adt -.. . ._...,tw .fad, _....,.··"-Id be w1·1Uen aftd each 

calculation should be performed are determined if cw ~swllig 1•t•z•11a: 

Inputs: Each input flow of a computation should be read at a loop lnel whale .assedlated 
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computation must contain a loop corresponding to the index 4'f,...W. ...... ~);. kcatm41t be,Hld 

would be ineff'ci~Ft~· b~au~ it ~01:1kt qu¥.A,JJJ~J ,~ oHlte ~s rec:Drds. 

Oureuts: )>imilatlJ. eaF~ qutpyt 11ot,r.ofi ~ ~_.,,,,._._.en all a 11Dop tewl ~~ 

of the rt'cords. 

k~y-tupfe is identical to th_at of the flow.expr~•·s-.t~.;,Apjn,,_tlle<Mf inf-ms1tatM.at1t'lfdgher' 

level would be insufficient to cakulate. tht ex~~~--ror...a,atia 1owet:te..a·woald·be 

redu_ndant. Further e<:'?f10fT1Y can t).e rea.JiiA ~er,, a,. .• ,~. low-~ if it 

~on ta ins a sub-f!1<pr~ssion whose as$0C'*ted j~ex is A ;"**ilt-et.the.flow eocpresUon; 111 a whole; 
,, , ·. ~ ·;-. ~ ' - . - . . ( 

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

The placement of a read, write or calculation within a given loop level (i.e. in either the 
',:;· 

'•..., ,- ;, } ~ l'.J ~ ·; ~ !'" : 

Pro fog, Ep.i fog or General section) shOu~ be d()M with a vk!w toward imposing the minimum 
,. 

corutraint on implfulmtation. If ~one in this maooer placement praer,es the maxtmal flexibility 
i .. ·r.' .,, ' ;;• 

in subsequent aggregation. For instance, if a calculation 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 ~ 1-oin' the · 

Ep i I og this unnecessary constraint woultt preclude ~iaoreptiqlls that would r-.dre It to 

be in the Prolog (loop merging In computation •&ll"l~:bdj$Qt1~ Wow). · 
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PAV IS RATE * HOURS IF RATE PRESENT ANJ ~ PRESENT 

Here, both inputs have the same index (employee-id) so there Is onlJ ~ hql: 

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

lnputsG: fHOURS, RATEi 
General:calculate PAV 
OutputsG:tPAVI 

Inputs£: e11pty 
Epi~og: e111pty· 
Outp~tS(e11pty 

As expla~ned above, everything is placed .in the.gmer_. ....... ,. 

Now consider a ,sin;tple reduction flow equatiQR: 

I TEMOEMAMl IS UE. 5lJt ~ DEHANl F(ll iAOf• I T6"-IO 

We haves~ that .the implementation ofsuGtt a now..,...._wiltalwlys havetwo loop levels: 

·Loop·I (oyter iogp> . 
- . Leve I: ( i te•- id} 

I nputsps e111J>ty 
Prolog: tnitiallze sUll 

.0uttMttSpe11Ptt1 

lnputsG:e111J>ty 
G&Mral HS.-pty 

.OutputsGeMPtY 

I nputsr: e11pty 
Eptlog: et11pty 
Outputs£:1 I TEtlEW«JI 

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

lnputsp: !PRICE! 

Loop 2 (inner loop) 

Pro I og: empty 
Outputspempty 

lnputsG:empty 
General:empty 
OutputsGempty 

lnputsr: empty 
Epi log: empty 
Outputsrempty 

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

lnputsG: ICURRENTOROERI 
General:calculate EXTENOEOPRICE 
Output sG:IEXTENOEOPRI CE! 

lnputsr: empty 
Epi1og: empty 
Outputsrempty 
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If two computations have level compatiblt loops and if t~,ortleri_.g constra.tnts or the two 

loops can be mmually 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 convwi~"1i( .... oply Jfthcir livel structures are 
. : . --~ 

identical or empty levels (levels at .which AO actions ar-e per:fon'ned).can be inserled to. make their 

level structures identical. Some ex~~ of level ~.tetdy nest~ loops tTNL.i) and the 

level structures of .their aggregatec;I rf5'llts uc~16 

loop levels I eve 1 ~· .i.n.ftl!'!Mt•. 

TM..1 no. •r:.u 
110, ff(,LJ 

TN..z {f(,tJ 

Ttl..1 OC,U 

TM..z OC.L~nt 

TN..1 UO. (K,U 
~ICI, HC,U~ OC,L.nJ 

TM..2 uc,u, nc.t.ru 

It Is interesting to note that when aggregation occurs loop levels ar-. ....... atJded nor deleted; that 

ts, the set gf loop levels in the aggregate is simply the uniOR f1I the. Mb d. loop levels In the 

component computations. 

Some examples or loops whose level structures are tncompattble are: 

~ levels 

TN.. 1 UO 
Ttt..2 (U 

16 In this section the symbols K, L and M denote different keys. 
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.... ""· tr.U 
TN..2 cu. tK.:U 

TM..1 (k). oc.u .. oc.t.nt 
lll..2 un. «.m. fk.t.nt 

tlll.2 Ordft" Comlnint Cioa¥1tilftlit •wtt:a·t.oaps '· 

Consid« lhtt tanpelatioM f9rlhit folowiftg tWo ~ .tlalts: 
H911EIWIJ IS ltE~sm·oi'OOMS Rlt"EMJt"f~JO. 

FRACTI Cfi IS CEfW«)/I TBIEW) IF lifMJ ·AeEHl ;: - -

It would seem immanently ~"'to~ these two c:oe•iratbis sintt they have a 

common input ([EMNIJ) and the output of thf first is an input tOHl~. Yett~ cannot be 
; '·f. 

. • . • .,, ' -o" 
aggTegated .into a totally nested loop! .Their~ desatptlaM meat why. Real that 

the description of tM first is: 

Loop I (outer loop) 
levet: Citet1-id) 

· Input~ etmply 

Pro log: ini tiat ize -
Output Spl!llp tg 

lnput96: etipty 
Generah..,ty ..,_,,it••v···· 

· < ,..,....9£,....,.V. 
Epitog: ~tv 
Output9(:f I IDllJMmJ 

'. 

f • 
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LQQ(! 2 (inner loop) 
Levei: (iteM-id, store-id) 

Jnputsp: e11pty 
Pro log: e11pty 
Outputs,e111>tY 

I npu ts6 : fOEJ'W'lll 
General: cakufate sUll 

Outp.utsGe111>t1:1 

Input 5[: .etlpbJ 
Epilog: . . et1pty 

Output.S£e11pty 

The FRACTION, computaUon ._bo has two nested loops: 

Loop I (outer loop) 
level: ( i te•-idt 

Loop 2 (inner !oop) 

I nputsp: KEtWIJl. 
Prolog: . e111>ty 
OutputSpetmpty 

lnputSG: eapty 
General :e11pty 
Ou1putsGe11pty 

I nputs1: npty 
Ep.i tog: npty 
Outputst~ty 

level: life•-id, store-id). 

I oW-' ts,:, ~llJPlY. 
Pro log: e11pty 
Output~y 

input1aG: ~fW«)I 
Generat:do division 
Output951lfftACJl<Wf . 

. ... IJlst: ~ty 
Ep i 1139: et1pty 
Output~~ty 

C~rly the5e computations are level compatible since they have identical level structures. But the 

•, 
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Computations whose tot~ny nested- loops' are levft eompatibll!' 1ni:l satisfy the above order 

~~straints are aggregatable. 

111.2 Merging Loops 

Because each. action and aU 1/0 .must··be pe1btutd at mt Sll'Ae'Wve,f '~ t'* aggregate as it .. 
. was ~fore aggregation, the loop structure of the aggregation of two computations can be obtained 

- r? , ~: ; ~ . ,.... -~ , 

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

The algoritbp1 for mtfging two tOtitlly nested,aops Uci 

For each loop_ in one: 

If the other has no ~ at the the same level. JU!t ltdd tM·ntpftMfttltiett or 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 •. '. . ! • -: •,-

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 ..... io:L1.1!' TlieN- a·thn!f 

cases: 

_I. Some output F of the Ep i I og of L 1 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 -wrr'5f*'dtog level iat th•.~ *"t WIWftf;'itttMlns m ·L2's 6-neraf 
section which use, as input, some output produced bJ . the adion; all other •ct~s. . 
remain,~n~he~MU*"tlt,thellgreptl'~~·ML1'.anitl.j.· ' · '· 

c. All other cue&; all ~ attions ,remain in, tlw samt sedMllnl 'in rife aggregate as theJ · 
were tn · L 1 ~nd L2. 

17 ObvJoualy~ the ca," .\YIJeR no output·Of Lt is an_,,. to li••be han4tecr:enctly the same, 
mutatis mutandis. The mnain 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 Geniit'at ~ 1t1 the' Pro I Og 
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,_ . ~ · .- 1 ·. ·· · · 

b .. _,AD other;~ all a~ 1&Min'1n thelw'MtdililSJ-,lh' Ck; aggregate 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 Lz,. . '·' ., .1···1 , - • ..• ; · - • ' . . . 

8asica11y, what this means is that • ielMI al ( ..... ..... meve 'to the' Pro1 og or the 

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

G.,neral actiQQc wbiCift muJ&.~ "90-' todd!P,-of'Og; a General actiuft lllUJt move u,· n.e·Epll og if 
~,~: o~nc; ·:,:_ ~' 

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

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

structures that are totally nested. Totally nested implementations are not only broadly applkable. 
. ' ··'. ~ i-; \ · ; ; } < -H ~ ·~ ' ~ . .• • 

but generally simple and efficient as ~. I~ fact they often proYide the JllOSI efTident and 
• ~ 1 •·'. ~~ :·· 

expeditious implementations, especially wheti ~ially organiied files, sorted by key valqes. are 
- .,_. __ _ :1~ Lt~ :." -·~ o:,~ • 

one or . ~e separ~te reperts. llecaute of IWs ''* ,........ ~- Is net:ftsarlly brief and 

incomplete. 

Most ~mporiantty. it .5"111d be said thaua1._., ..-t . ..,.,~ 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 I~). but they en be performed .with parttal conmnency. The following 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 DE.MAM) Fm EACH I TEM-10 

"FRACTION JS DEMANl/ITEMOEttANJ IF DEMANJ PRESENT 
· AMl UEtlBWll• PRESENT 

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

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 eempleted ·l>c!fom· tw tniRr loop Of ~ second could 

be performed. They can. ho~ver, be aggregated iPto a single loop with a stntcttue like: 

for each (itea-id) fro• DEf1ANJ 

end 

SUM • undefined 

for each istore-id) frOll DEMANJ(ite•-id) 
<calculate ... > 

end 

if defined(sual then ITEMDEMN«JCitea-id) • sua 

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

end 

This is a non-totally nested loop structure, since two loops (the inner ones) appear at the same level. 



H 

~tion1Jf"tbe '"°~lions ........ (a•··-.... ·~]ab .. ,. Oh 'the 

one hand. in either implenntationflftf ~ortMfDMlfbf1ncftt'IJi!•auessect twice. s0 no 

accesses art' "iminated by aggregation. On the other hand. acasses of the records of iffe 

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

every record of I TEtlJEfWIJ must be written into a file by the first ~tion a~ t~, reacJ badt 
·r;f ~;--'f}f' J, .. - . ~"::_-.-,· 

by the second; wherns in t~ aggregate implementation the records are used as they ar~ generated. 
,. ,. l< ' ·••• 

so no rt'-readtng is n«essary. 11 

In gmeral we haw Sft!ll that whm twO implementations are leftk:ompatible, the only case in 

w~h their aggregate cannot be implemented as a tati11y __.. ltiep'&J wllere. for S8fl\e loop 1tte1. 

the output of the,fipi tog sec:tQ of one i$ aft ..-• ltR'f'rolbfl ll'ldaft otthe other (as '1s the case · 

~ft: I lE:aE1MI) abo¥e). In $11th a cw at. •l'tsp anding·.., ·l!ftl · fll .th! aggrep~ can be 

implemmted (as. aboft)-as tW8 kqls m, ttw -- ln411 ~.w· ID ... enteo and ~ fll lhe 

now· in question WiU be saved. 

10.3.2 Example 2: Aggregating CA!nputations That Are Net Lnel-C!!!p!tl* 

In Section Ill.I.I .we saw that computations with the fal1 Illig~ ·111.._a were not Jevel 

. TN.., 
Ttl..2 

no. lK.u. nc.Ln> 
(KJ • fJC. nl • «1'...fD · 

, . 

·;I • 

The fact that they are not leftl-cempattble nans that tt is ....,_.. ID devise a total 

. 
18 In fact, if lhese records are not used bJ any other computalian Ill the data processiftg system. 

it is not Rect'SSafJ 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 fJartlall7 

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

found ·for that level, they might..·be implemented as a' llGIP't_.,-~ loop strutture. The 

following is a possible implementation lk.*°'t 

for each lK1' fro• Do 

1'nd 

for each fl) from 01 
for·each (M) frOll 02 

end 
end 

for each (M) fro• 03 
fqr. ,e.ach IU froa O. 

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 

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

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

IV .I.I Definitions and Useful Lemmas 

·- , 

We redefine the notions of a f1ow'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 ts defined as 

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

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

CISxff) • {11 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,,., ~. k_.1, •• , kw) ORto the sub-

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

Pro j (5, (k 1, •. , k•) ) • 
{ (k 1,: •• k•) I 3ttc. .. 1, .. , knl such that tk1, •• , k_.. k,..1 ••• , Jt,.J ( S} 

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

ln;1s. n. 
{ fk 1, ..• k., k .. 1 •..• k"t I (k1, .. , k.> ( s " 

tk,, .. 'k_. k•t• .· .• kJ.t ( l) 

Definition: The rtstriction of an index set S with'.·fride1 -Ot1, .• , ka) . .,, the concHtlon C (whose 

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

HestrtS.Cl • {(k1, •. , k.t ( S IC tstnlt!} 

From the last three 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 
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Corollary .I: Let F ~defined a5 in Theorem I. TMll for llhJ new:FJ with Index identical to 

that of F 

Theorem 2: Jf R is a Oow (with .index lff) ~ bf the·appfbtton of a. rttluctton operator 

to a flow 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 Slit OF e>epr lf0A ·EllEH. <I If>"),; then· 

CISafF,J • Proj flSfexpr.td;I 

(Note that the index of e><pr must be a super-indeJMR·l1f-) 

This theorem simply says that when .a~ flow (as that desaibecMty eacpr) is reduced: every record of 

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

set of each Fi with respect to the f'1c:)W, to ~ l1duced is given by the expression on the right-hand 

side of the above equatiQn. 

Corollary 2: If R is a.flQw (wit,h index IR> dau~bJ,~applilcatioft of a Rductton operator 

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

c1s,tFI • ISfft 

The following theorems concern .the· nature of. lite~ . .,_ of no. •Xprtsstons. First, a 

simple result abOOt flows described by reduction: 

Th'°9'em J: I~ R is a flow (with index IR). described by the aw~uon ofia rtt1uctlon opntor, 

to a flow expression e>epr (e.g. the flow equation for R is: R IS stJ1 OF expr F~ .~ <la». 

then 

ISfRJ • ProJUS(e><pr},fR) 
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.... · n IS(f;l .if.rt·> l; 

As mentioned above the only legal arithmetic flow expression_ in FE-HIBOL is a ~~for a 

safe further qualified by some condition. This':f'Ur~ qaalirkltlon:must take the form.~ a logical 
·, 

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

. only need the following simple theort'fll: 

Theorem 5: The index set of a simple arithmetk flow expression safe qtt~Ufied by •. t1" 

condition C is given by 

IS(safe ANO CJ • RestrflSfsafet,CJ 

. Consideration of s~ial cases leads to three simple coroll!.r~: .... 
\.I . ·?-·' ;, 

Corollary 4: By Lemmas 2 and 5 

ISf safe ANO G PRESENTJ • lnj m. JSfsafe)) 
• IStsafe) n lnj CG, ISIHfe)) 

Corollary 5: 

JS{safe ANl fC 1 Nil C2JJ • RestrUS(safeJ,C1) n Restr(fS(safe),Czl 

Coroll•l'J &: 

JS(safe ANJ <c; m C2JJ • RestrUSfsafe),C1J' U RestrHSfsafeJ,C2I 

F~r conditional expressions wtth two cases11 we have the following re5Ult: 

Theorem 6: Let Ebe a conditional flow expression of two &eftns: ,. 

E • e><pr1 if Ct 
ElSE expr2 Jf C2 

19 The extension of this theorem to more than two cases is trivial. 



~ ............ , allf llpllM ....... 1142 111 .. c ..... Ca - ..... 
... tt;.1, ..• 11J au;el2 l 

8"E} DA z -.e .. < JI tbil•t~ Ea ........ W ... Md~ 
t 

epzrl 1} 

,. ·~ ;;; ~lE~oinf'!fti; ~t:~-i/' w\ITT ,_;;:tm.iifrts ie..~t '(Jno 5ffl ·..,1mdt ~f¥i,;m<tm ~A 

hs:;!~ ., ltJ ~1~~ ,;i1 !:>'JI'°~~ ·t-~T amfrbt101 ~~ ~u ~111ttup ·1··iL11Jl ~l£z_ 
. 

':,:::::<:-r•;;·.,;) , ,._, ~l'!'htffM» ~ ,uutT .'.Jttz ~d .~y;,; ·-,,.{Ml\ 110Ei"nq:~s 

ISIEJ • ISIE1J • ISIEaf 

~-1:"11fii1P ·· • ,;,.- ~:;H~~~qt~ w0£1 ,H~~:irimf;· ~HU ~ ~ t~ ~~bo~ "'ifiT ,;i "!i.,"F~rlT 

td m'li). ~~ ; :-s(1h1bOO) 

Tom l17*dle..._d !Ul1lt_,.,_ ... l t1"'4tf .. 1 ;I t i'111l11t1 .... ....., 
- · tJ.tatwllU"tf4"$ff .. 13·00 el$d8:1 

.... dw ........... tcw......,lfle .. lr1111t•1u .. Jlt Ill; · -

Et •QI! I: A IS - 911 W F ,.=~~) tlqmit ~ft~ ~ ;t~JW-itt?''ji ki ;1 ··§] ;:-J4tH~ .70.'.) 

. . c b;t~~ !~ u.,vurt:d 1(8 it- •tuu.-,-~ii3 
~ R las ..._ fk1J _. F ._ ..._ a 1• -'al_• Al, -- ... - ..._ ... .• taal 

I ;It 21 ••• ts: 
dsh;~l~LdtfnI .. tnGZ3Wl a @!A !JtGe)21 

f{s1Bat2I,J'i~f ~ :~i~at21 .. 

far each •ti .._F_ 

---.... 



Data DriYetJ Leaps 53 

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)) • ISIRJ (byTheorem3) 

thus satisfying the drJving constraint for the input R. 

In level Z we have the input F and the driver F. The index set 02 enumerated by this driver 

at this level is 

(by Corollary 2) 

thus satisfying the driving constraint for the output f. 

Example 2: 

PAY IS HCUlS * 3.98 IF ~ PRESENT Nil 
tf)J fOJIS > 48 . 

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

We shall use this example to iHustrate Theorem 6. Define Et• E2bJ 

E 1 • HCUlS * 3. 89 IF KUlS PRESENT At{) t«>T IO.JfS > 48 
and 

Ez - 128 + 00.l~S -.48) • 4.s. lf ~PRESENT NIJ 
•· t«>T : ~ f!fE.EffT . 

At{) t«>T tORJ > 48) 

E2 • 128 + lttli.ils - 48J * 4. 5 IF ~ PRESENT #IJ 
~>:l';49~,, 

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 from C 

get Pl i te11-idt 

for each (store-idl frOM C(lte•-td) 

get C(ite•-id,· store-id} 

EPf ite•-id, store-id) • ••• 

end 

end 

if def lned{EPti te•-id, store-il-Jr]. 
then urite EP(I te•-jd, 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 = ProjUStCl, fitn-idU 
2 IS ff» K'Pfi-offlSfCt. f Hea:..idU • CISgtWJ · 

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 • ISfCJ 
2 lnjUSfPJ,ISfC)) (byl.emml 3t 

• C15.£1'(Ct • ISfEPJ 

Thus we see· that the flow C is (at least) adequate to drive both levels. 
! .r·-· 

IV .1.i Drivjng Ftow Set Sufficiency 

- .~ • •· ~-- z·-.~~-I , '. · .. _ ,',~ '··~·; ·;;":<..;.,- i:-~e· "(F~·, {--'~~~ ,:_·~~-;-< .. ~~· ~ '·~ ; ··· -, n ;~ .;~ 
We wish to 'be ·~•'to''determine"·wt.~t.ei: a .set m input flows ts suffident to drive a 

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

computation level: 

Dtfinlti0n:''The ntcess~ry intf!x set at level i f9f a.coqw~C (~ Ni~lCl) b defiMd • 
: " 'f . ; '•t'l; 

the set or i!'de~. valufs· necesSary t(J dti!e lev'1. i vi the •• .., ... ..,.~ t. 
) ; .· 



NIS.ICJ • ( U CfSrtU) 
f ( ect. 
I c ._l;tcl 

~ne 

Now.a lll8p ~Giit h-driYa."r ..... .., •. atr.-·_, . ..., _. ........... 
. . bne 

lewls do net haw ena .. bp9tWr tn U.•al 1Jatl · IU*fllllll.• • •• .· s 1111.,•dltdll 
.JUSvbh. nd1 vd ~n~~ .1l ~ l'hm .,,n .:J 4i mi .. ~ ~:q~ ~ tfit t f.,v~ ftf -.-.--.·w •tttnn11 W1t t1t l'liiaiilllii;•l mt. JJS•ll,,..dtif• ,..,... .... •-• 

2i kv::f ihH 

S, UJ • P'roj USffJ. 11 

L~,pjl~J~._!_~rt:tmvnQ tJ. VI 

·. t1tat ts. tt w1 ~ •.* ..... • t _11u•1.11&••t.ar•.1111'lf a llfl llJfllll ~ 
.I 9-Vhb W ~ U tWGfl ..Mlqfri fll1I & .. . . .. .. . ·.. . . . 

. filrlhMIPlft . . 
· s 101 · m _ x~ '(U".<:'J:'}$fl ~i1~ -,., nuilon ;,rl1 ~Hil"Jb yd mpd iu l!'!J J~'l!JI qocl · rwt1£Jm~m.."l> . 



Data Driven 1.AJaps 57 

IV .1.5 Minimal Driving Flow Sets 

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

interested in finding the smallest subsets of ·this set ~, wiH ptoWde, suffident driven for each 

level. This interest stems from our imp~ CGHtraint that aH driven must ·17e read 

sequfntially and must have compaJible sort orders. If allcon&ainedJnpuu ~ usld to <lrlve each 

level of a computat~Of! .'99P. all i"puts to that computation would ;have ta have compatible sort 

orders and all would have to be read sequentially •. a:constAtntt.hatuoftenunnecessarily severe. · 

Moreover, from an efficiency point of view, •l"llfallJ"want the. set of tndkes etturnerated 

by the drivers at any level to be as small as possible (while satisfyU:tg 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 loop 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.~uffident to drive the outer loop. Thus, we came 

up with an f mplementation in which only the flow C had to be sorted and read sequentially. 
'·~! 

AdditmnaHy, In this implementation ~ly those rea;rds.of P that can actually be used are fetched. 
', I· 

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

always. improve ~iclency. In the computation above it can be shown that Palone 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 JJlMf. loop ,.ast be-drMlt by C m any cue, we- ' 

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

sequentially; and more records of P would be read than would actuaUy be used. 
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predicate cakulus. If thjs formula can be shown to.~a-..(Olagy the cotrespondiPg set. inclusion is 
. . 

. -
proved. Showing that a formtt~ is a tautok>ff t•~ to• .,_Ing that If 'Slmpliftn to T. 

Since powerful first order predicate cakulus simplifiers exist, the,tuk: ot preYtng set inelusion. can 

be solved by recasting,the ,hypqthesis as a p,r~icate qJculw formula ¥Kfltying:to simplify it. If it 

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

When the formula cannot be simplifled to either Tor F, the.fM&ntng or·tt.e result is not 

clear. Either the si{Tlp,Ufication is cerrect (in w._kt. ~se !t..lormula is 1tOt ;• tautelOgy, and thus set .. : . ' ' 

incfosion does .not hold) or the simplif~r has run up against a fUQdamental limitalion24 and has 

failed to simplfy the formula completely~ Jn the latter cue tM ~may· in tatt w equivalent to 

. T (implying set inclUsioo), but- the simplifier is unable to determine tt. Because of this ambiguity, 
" 

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

· inclusion does not hold. 

IV.2.1 Characteristic Functions for Index Sets 

In this section the partieulars of the syntax25 and semallUa d:diarac:tilrbtk·ftlnctions foi' 

index sets are presentftf. 

The clmracttrlstic function for an tndtx set is a k>piN.aprasiOR :4predkate) tn ter1ns of its 

the keys of its index that is tru.e for an asstgnfQefll ,of' ~ • thole·U,S·a· ••ly ~ Cl.Set in 

24. It is a weil-known fact that it is impossible to devise a procedure that wiHcorrectly simplify · 
. ever~ formula in the first order predkate calculus. 

5 Because· our work is implemented in the LISP programmtng language the notation ts. · 
unabashftf1y LISPish. ;, 
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dtaladeristtc &mctiilfl fGr the ---5'llM!ll· 
Sc111r a ...... t.t • 1 • S 0

• • 1 lits u lillet ~•.:{-la- .... k.: i. 

a. Mil 4AlllPt- ..• pJ .. J 
trwfc:wthat~ 

b. 00 fOO Pt• .. , t>.J • T for a paitM:wlar U, IUpll! ~ iff M1J d Ifie Pi aR 
'. - . ' ~ - ' - ..... ' ~ -

"-'·• .... ··~ 
.<. ¥JJ . ftJT pt - r for a ,..._. key tilpft! ....._. ift,:·, ts false. far that 
instance 

d. Fo:l-smE ffOR-SOE fk1 ••.• k.l ptt1 •.• , .... ~1 •••• if,.l} • T far a 
particlllllr ler.-• ... " 1hitli!' '-•• :·~,:IV'• dhfmi ... fer d.e tep tt1 •••• k. 
sudt that IM ptetfiute p(k1, •.• t_) is b11r; dtis isfti&1tllia_l .. 1111ificatima . 

~ ~ . . . . f~ -:: : <: 

2. Standard arithmmc comparison operaleB (tMR-ugw ~ lae adl"'11edc apr~s 
in.knlaof qriaW!s:(w ...... :alliN11i:...U:lle•d'•l'iC1MatJti iiJ;ft(afaallDIS .f.~ -. 
•mdl) . 

a. EOOM.. CBIW.. e.-1 e.-2J • Jiff exp-.1 aad .... 2 •w thew llUBl!dcal 

b. GREATrnP fGREAJEll> e.-1 expr2J • T iff die 1 

g1eatterdlaa diat.., ~2 

3. Titr special operator lEFlfED; «EflfED ff per Jt1, .•• kj.t > • T ttf thett k a femrd 
in the nriablr V in period per for die 1eJ-U•le ~ tk1, • : .-..t.,.1-. The~ to a 

.(J(if:J.lllED(Jf)lllal•--twa......_· . '' . ·.· . ' 
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IV.2.1.1 Variables 

A variablt is a repre~f'ltation of a H,180L flow wtth keJ and p;\i!~ iqformation 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~ ~,JAA "Joel: spetllJ-. an ~-,ef that 
. ' .- ,· . - - ,. . . ~ 

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

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

The general form for ~ variable_ is 

( f f ow-nante per:- i od kejl1 •••.. keYttl 

where f I ow-nante is the name of the assqi:iated 09w27 •. the, slot. ~r lo4 (;Qlltains, the aame-of . the 
.. - - •• -:- . <' ,_ ' ·-; . . - • 

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

of the variable. An example of a variable specification ts:. . 

where 

~ - . - ~ it ·-, 

fakl.Lm ter11 _student subfect-fiu.ber) 

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

An occurrence of ·a variable 4n a predkate~ ls,~lled;~~},.,.~ ref~f'I'~· . ln,a variable 

reference the form. in the period slot identifies a parttWlar incarnation of the !~iabw (~g. tf the 

period slot contains TERM that means that this 
1t~'s l~mation or tJle ~arta.bte" ~- .,;i~g ~erred 

to; if It contains «PLUS TERM -1. t, last term's incarnation is referred to). 

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

This t-xptl'55toh IS true} ff imd ant, ·ff variatile-refel-ence Is defined. In particular an 

UEFJNED ~ENn.lEO teni. student Stibject-nuillberH 

is rrue for an assignment Gf constant valtws tO etda of its bys and lb~ if ancl· only if the 

variable EMU..LEO in the specified. period contaiiis a r«Old mu~ tu the specified index 

value; otherwise it is false. Thus.. for example. the predicate alloff is~· raf subject-nU.ber • 
. . 

33 and ter• = TERM tf and only if in this term's incarnatm Of 81Rit.£D t~ ts''~ ~d ·ror the 

index vahtt 4.& 33) {I.~. #:and onty•H'-Joe IS'~ In lu6}td e'~c!Utlft& ttte current t~) . 
. ' ·~ --:..-! ~-- -~ - -~--- > 

In our· characteristic fUncUon/indft set dualiry the general cera~ ... ~.-een ·logkal 
< "·", • • (~·. ;"!:._ --: '-. , - - . ., -<;- . '· ' ' 

and set operators is givm by:' 

logica I opttt!lor 

AtlJ .. : .,, 

OR .. n 
CflR·SdE fk .. 1 ••• , ~l Sce.r ..... ~ Projts. fki. ~ .. ·k.)1; 
CAMl s., ct . .. RntrCS.CJ .. 

-~ tAllJ- s~ 'd.r' _.i ~ tftj'tS~·=n 
._•, 

flEFlfEO CV ••• )) .. ,l~_IYI, -.f· 

That is: 

the cha racterisric functmn of the intenma of two sm ts die lagkal NIJ of their 
characteristic functions; 

the characteristic function of the union of two sets ii the lagkal lit of their charactertstic 
functionS; · 

the characteristic function of the projection Pro j ts.1 •) of an index set S onto the sub-index 
I' is the FOR-SM operator applied to the ~,~,'1 $-.1,. the ~ifting 
keys; 
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the characteristic function of the restrictionJte_•tt;JS,CJ:.r llf_:i04tJC set S' br·the condtttori C 
is the logical ANO of the characterfstlc function of S and the conditioll C; 

. ~ ' ... , . 

the characteristic function of the injection lnj fS, n of an index set S by the index set T is. 
the logical ('M;l_

1
of t~ c.~ra<teristk: functionat · ; "· " 

the. c~~acte~istic function of th«;;ndex 5ft, 1Sf¥kof a' vaftlbte V Is ·tt.e IEFlfED operator 
applied to that variable. 

.;·· 

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

encot1ntered above. 

Examples: 

The index set 

IStf>) 

has the characteristic function 

(CJEFltE:O (P DAY ite•-idJ) 

The index set 

JSfPl n Proj USfCJ, ti te•-idJJ 

. has the characteristic function 

(Af«J (OEFlNEO fP DAV ite•-JdJJ 
IFOR-SCl1E fatore-idJ UEFINEO IC (WI i ..... hl •tore.:.idHB 

Res tr USttO.JlS), t«JT HClflS > 48) 

has the characteristic function 

fAMJ fCEflNED llllm &Ea: e1111•uwee-HIU 
fNJT fGAEATERP (.uJ?S al:EIC nployn-idJ 48)) t 



We would lile our char.tctaislic fwKtions to conlain as much information as possible 

TfMt CJ11lypouiblr c:haracleristit fandtan fot a mt&W ff per . 'ki: . ~ , ·~)' ~t b;a system 
':- ~-· ! " . -

trillial om- UEFUEO (Y per 11. 1, .•• k.JJ. became al that can be sUd is that it contains a r~ 
' ~ ~- '.-. ! ; 

iff i( contains a m:urd. 

In _some cases an input variable may have the special prupaty that it wiR always ~in f 

record for every allowable index nlue. (Knowledge of such a .,,.._,, c.a"'10t be ~.uced from 

the HIBOL specification of a data processing system; it must be supplied separately.) 5uch a 
f -_ .... -: .. i - J ! ' ' '. ~- ,.- -~ ; -

variable ts termed dtRU or full. An namplr might be the PRICE v~ which. in every 
-"' - " . 

tncimation shoukl have a record for nery possible value of the illds Ci tea-idL In such a case .... 
the charact~"!~ function of such a variable is silllplr T. 

We c~ld ow tM trivial characteristic function for a c:ompated nriable as well. but more 

(useful) information can be obtaifted thruugh the applkatian of Thaltans 3-:6 to the defining 
~ -- ' :, •• : • ...: .. , ·: ~ ' < , '." 

HIBOL flow ~lion. ~ ·we mt me TMaleoit&: I 'and ! t1D olbin u1efUI characteristic 

functions for critical inda sets. Charactemtic functions thus olained are call!d ~s1,:, 

ckractniJtic /vrectieJu. 

It should be easy to stt that for any characteristic function w:llf ~ at' UEFlNED · 

var iab·leJ is ~ad by the characteristte.._...:'.fercyarfate/die _,._ '"8 be~ logkally 
-~ . jf<'+ ·-.._~ 'i , ·-; _~;:· 1· ~ --~ ' 

equivalmt characteristic fuftctiun. This is termed fttttl-su6Jtihlt,.. of charactabtic functions. If 

bad-substitution is applied recursivefJ, the mull wil be a characteristic functian cmtaining onlf 



Data Ddven Loops 65 

DEF I NEO's whose arguments are non-computed 'artables. Thts js called total back·substitution. 

Total back-substitution of all characteristic functions has the advantage of making them 0all 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 tH - 48) * R I 2 IF H PRESENT AM> R PRESENT AKI H > 48 

P IS S + X IF S PRESENT Nil X PRESENT 

ELSE S IF S PRESENT 

ELSE >< IF X PRESENT 

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

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

NJS4SJ chlr • <ANO UJEFUEO tH DAY key) t 
«EFJNEO fR DAY keyJH 

NJS(Xtct.r • (AtlJ (DEFINED fH DAV key)) 
«EF H£0 tR DAV tleyt J 
tGREATERP fH DAY key) 48U 

NI S (PJ char .. fCROEF INEO (5 DAY key) J 
fDEFINEO fX DAY key)JJ 

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

I. Computation S can be driven by either H 0r R.-linCe'1tada 

23 We use the outputs as the computation names and drop the level subscript since there is only 
one level. 
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NI S tSJ Ct. -t ffIF J.tl:D If MY levU · (IJi), 

and 

2. Computation X can be dri•m by either Hor R. ~ balh 

NISfXJct. -. UEFltEO CH DAY key)) (2.a) 
-. '! <·'; 

and 

NISOOct. _. UEFltEO lR DAY key)) (2.b) 

are trut" 

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

NISfPtc111r _. UEFlfEO tS DAY lteyU (3.a) 

nor 

NIStPJ,._ -. UEFlfEO tX DAV keylJ (3.b) 

anrrue.but 

NIStPtct. _. tm tlEFlfE) CS.OlY hytl (ld.· 
(IEFHEJ 11tOlV'.Weyn 

is true 

However. we know that 

ISfSJdi9r • INIJIEFlfED (ff DAY keyH 
UEFIG CR OlY tegUl 

IS OCJ c• - C.NlllEF ltED M..:.IMY lley) }, . · 1 

«EFUEJ m DAY keyH 
lGAEATEJI> (ff DAV keyJ 41U 

· so back-substitution ol charactmstic functiolas Jields 



NISCPJc.._ • lOR flE=JNEO tS DAV. kevU 
flEF UEO CX DAY key))) 

.. {00 (AN) COEFJtEO CH DAY key}) 
lllEfl~ll ~ OM ~U . 

(ANJ fO:FltEO 04 DAV key) t 
UE.flt6Jfi DAY _..,u. 
ftREA TERP fH IMY key) 48) J J 

• (ANO flEFUEO fH DAY key) l 
UJ:FINED f~.DAV k-v>H 

Thus, f ~rmula (3.a) 

NISfPJc..., -+ ltEFINEO ·(S 00 tutyH · 
becomes 

•:. 

CANO (QEFHEIL(H ()AV tc.evn ((ll'J-tECJ· fa,JMY k•H 
-+ 

f ANO JCEF HED. CH OAY k&yJ_t WEFJHEf). tR 1JA¥ .. ••vH) 
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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 Tect?fd ()fiPAV, 

whose ewip I oyee- id key is ale sa~ ai: t~ record read 

whose 'Cta~ ~T value: is tfte'resuif oi rriultipty~·th~ value of the data item of 
the record r~ad by 3.00 •.. i; 

.... ! 

write the newly created record to the file PAY 

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

loop 1nitia1izatioo 

EOF (end-of-file) checking (to ter~~e ~.~> 

V .U.1 Necessary Data Ob!cts and Their Dtdaration 

First there must ~ d~rattons for alf 1..;;dt a~twa outpUt. hies. A~me that the files PAY and 
,,, A 

HOURS are known by these names to the Pf:,/I ehvlranfrimt QCL code can be generated to make 

. this happen). Then the following declarations must a~r.ip t~ Pl.1~ 1~ 

DECLARE HlmS I ~T ~ILE. SEflENTI Al~! " 
PAV MM FrtE SEC1£NT I Al ; 

' ·, , • .., -t. '-:."· . • 

There must also be declarations for data structures ancillary 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 PAV files must have such associated data objects. The PL/I 

structure can be used for this purpose: 



CE CL NE 1 PAY _REa:Rl. 
2 Etft.OVEE Ft>CED w:nw.. tu. 
2 PAY f I JCEO IECIM.. f .U. 

I tO.Ri_REUHI, . -. . . .. 
2 EtFUM£ FIXED IE:llW...'r4t~ ·. ' 
2 film$ FIXED IECI,.,._ 13.l; 

}--~ ;- <: 7' :Or' .?' ·_ - ~ -.-~ .:· • :: -

lEClARE 1 ECF AllttED. 
2 film BIT U I lM..IGIEJ INITIM.. t91'Bh 

When EOF oc~urs on the associated f* ttUsJ.1$,.~ -.:J::~ 

v .ue Loop lnirialization 

Bftore iteration alt flags must' f;e~'in'itialil'fd. Thk ~·he de.. by the use of the INITIAL 

statement in the declaration (as abaft for BF.~ -APJO, alcld~.-.tae rad•--~ 
_. t _- _, , • - -~, --

.Initial n~ r~ their indices. ~~ 911! ~~ tf1e ~-~:ll!O'lld . .-,.haeftlr. · 
-, • , ' : > • • '·· • - c -: - -

READ FILE ffllm) INTO OllRS_fEClll)I; 

V.U.3 £OF Cheding and·Uaip Ttrmlnarat 

To detect an EOF condition ona:~~·,~·~ .... 5~-.·d..~PUI €W construct 
' ·. t . - - ·-· - ' .... -- ~ 

can be used. For the~ file tlie appropt'iate_code ~ '!:e: 
~ - • ~ , ~ : , . : - • - - • 1 •. , 

00 EtllFILE Ou.RSI ECF.tnei • '1 '8; 
.,_, .- . 

To enforce iteration temrin~tion UfJ0'1 EOF of t~. driur, Jhe ~ q, ~ ..-sing '""' 
--;:!"". ..... '1 -· ._! ; ,,.;- ' - "' ..... , ' 

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' ~--~~Jqpl@MUtitaJs Iii.SJ~ The lbop jtself on be 

written simply as: 

00 WHllE ( ... E(F .~h 
PAV _RECORD.PAY ., l-l:mS_RECORO.~ •Mt 

PAY_RECORO.EMPLOVEE • ~~~--: 
~ .·""~ }t"F~ 

WRITE FILE tPAVJ FROn CPAY_RECOROJ; 

READ FILE ff-0.flS) lH.fO O:'J'l'SJIEflRJh',Jl 
ENO ; 

~i ; ~ , 1- •. · , ~ ! ·n -· 

.i· -

When the loop terminates, the job step is ended and the input and output files are automatically 
H/:~Y" ~ti · t~.f~>-tl J~~: i ~'.'.;-.1 :}~}::~t! -~-~, -~ ~ 

closed. The complete PL/I program for the pay cakulation computation is-given Jn Fig. L 
!~~~#"~ -~~}~ 

V.1.2 Uniform-Index Matching Computatjgn! .., .. 
Let m extend our treatment of ~~""'."4pjlJ'1.._...tionJ•lliiltl9M~tffan one 

input. We use as our vehicle the variation of the~"'Qlllllllle --~ rn• ~~exed 
by employee-id): 

PAY IS RATE * ~ IF RATE PRESENT Nil iDR; PRESENT 

Suppose that the input files RATE and ~ are to be read sequentially, that their records are 
, , c:'. c~l:Af:c '' C T;l' · i • 

sorted ~y elllp I oyee- id and that f-lUlS is Used IS 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. drt ved. However, the c:omputatton description dictates that a record of the 

output file PAY for a giv"1 va1ue 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 corrts/JO•tllrtf record in the RA TE file. Therefore, 

in tlie bod1 of tlit loop, btfort tlt.t 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. 



... ~~-,~-:-~~~. 

~~~~.-~v'~,;~· 
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To find the matching recor~ of_.!)le ~;-ctr~y-~1Jpu,t weit.ea4'~succe-.lve recerds fram its. file 
- -

comparing the index value of each recq"! wilh;-Jh, . .-f.Pfrtnl,D·;~IX-. ~-geateral._natdUng 

algorithm consists of the roHowtng loop: 
t' 

For ~,ch ...,..-dri~ing.mpµt: ., 

I. If FOUND. input ,is, tru~ (indi~ating. that. ~ . .,oof4,c;ur..-lynflelctm the, 4npat's image 
structure has been used) read the next record of the inpul 

. ' 

3. O,therwis~. ~h,,ec~; J~~ i~t~kQf ,t~ foW'reql inputtJ«ri,apinlt tlle··tnclea ·of ·t..,iCurtent 
d:rlver rt'c:orcl: · - · 

" -· ,~, .. ~l:: - ,_-._, ·:-·~·-t~:·-~ -~:···, .·-r-1:-·---~r~-:-:~-i }-~ • '.l ;~· _. 

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; ~ tM,.,.,.,.-.•q••t clrJveriH!taict);,. 

and ~xit 

To support this algorithm a flag FOlHl. input muit be decla~-1:..-.:11• dl!t¥iw'1' input 

The inl~~ntation ;'~- th::~;:t ·o..- the main loop's body (following the matching code) 
:~ ! . r; · ~ : .. 3~: · 

consists of coo~ -that attemPi~ t~ compute the oUtput record rulnf onl1 tAost non-drlrllng lnfn"s 
./'_":"~·- :_;~ ~>·>""- . ~~- ·::t\" __ "?·:~ 

wltost FOUNO flags art trut. Basically, in this code, the PRESENT checks of the HIBOL description 

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





Data Drtv~,~ 

OM UUHlf (RATt) tof .RATE s 'Pl; 

ON HOF 1 t£ { MOUtt.S) ~OF :1'0URS -. ' 1 .. ; 

•uo FIU ~·Alf} INTO (UT£_1t£tORD); 

ltVfl_l_l'11 Jf'UI. Ef'PlOYEt • DTEJt£coRi .tHPt:m-t'; 
~-. J A 

DO Wll£ ( £-Of .DTE}: 

JF £0f . HOURS 
THUi 00:/• THIS READS ITE .. S, SEQUUITJAllY, FROM A nu, UJIJ\..J~,~S!f.P· 

RECOttD IS FOUND OU FLAGS TO TRUU OR PASHU ~stj.~lAf~cp ~~). •I 
If fOUW8.MOURS_RECOR8 . . • .,, .~, . .• }»\ .. 

~ .. '; ' . ~ "' - ~ ~l ' ' •' ~.- .,, 

THEW Rl•D fllt (MOURSj llTO fflOUIS_ll£COIUt}; 

ltOUttS_tttcon_COMPnt: 

Jf ·£OF • .flOVRS 

THE• "f-DlflO.-tlOUIS_.COID • ~1••_.; ~~ ,
1 

.;f;,,: -~ .. : 

'ElSt If HOORs:"~~~~~f'IP,\O~E .?' .~1£+~"""~ 

TMH f~i""s~~ccr"'~:;:1·1~jl; T ' ii <'W•. '. '1\ ; 

ELSE If HOURS_RECOll .fflll.~£ ~ ,l.{V\l:>ftJ-ft~·~OYU 

·:t.t.. - , ~ -, :~-1 i .~ ·: ~·f,<1 T~ •-~- . ~ ~~ ·:; 1 ~ ~ -· 

·.· 'iffi~ '°"'!·~~!~~··~· .. ,.,. 
Et.~~;~; ~jitt!l~}~.J llTO (MouaS_t£COU); 

'i , 601;Tf..~~-CCllPMI; 
HI; 

UO; 

IF FOUID.HOURS THEN DO:,. PA.'.f_.~EC~.-~~Y, ",.~T~llf~OQ.~~~· ~COU; .. ~ 
~ . I ·"· • •• -" ~"'Jit"-.·-··-'..,, ,_ j •• e C' .•. · . ~ ,._ • .' ~ - ~ 

. PAv,,:.~c~tE~Q,YJ,£ :,, f.l.Vll~l_Mlll ..... Ull\OYU; . 
• -. . : : ·~ - ~- ., ... f;;.,;:; '., • _,; ~ f-< 

,WltlTE;fl~f,, (J..~YJ; '.~ (f~~ttCOllO);. 
EllD~ . 

.·: -, • . ~ J, - . 

READ FILE (RATE) INTO (RATE_REtOIU); 
lEYEt_l_"lltJMUM.EftPlOVU • ltAT£_RECORD.£fltlOY£~; 

UD; 

UD PAY_COfl'; 

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

t'i 
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First, notic~ that the iteration structure is fundamentally diff~ ...... ; dtat for • singk! 

driver loop. The index value determinattoA-.lfld,M)~,,~ fl..., pe~'·at lM beginning 

of the 1oop body.31 As always,~ ~i9fJ.is't.,.n11'1ik"wtien:·alUldv.ri are ex~ {When the 

na, EqF!'"'SO_~~ !;fld~.UJt~r"'~''.atl :driffr$'.haw lftn ~ ThuJ;dtt lliap alt ~st ·appif&Y 

befor•,tbe,wy>~:f~~,~.,; ~ torm.~~LE~,t'l'lf is...,£:1nitdft'W1ot'llfttE ·c~ 

EOF. driver) (as in the ~f!l~driY~lffllt~ Thtljs,jmt •:Jlli-.i..,.tiOn 9ft·ttte'bdk ~- ~: · · 

What is interl"Sting in the implementation of Fig. 3 ts the u5e of the PUJ ACTJ VE -1t-ructure 
~,'f~~ _., ··_, k: '{' ·;. ,, ,t1 ·:~i~; )_' . 

,and the ACTIVE.JJRIVER_CTUH variable in determining the proper next index value. The idea is 
· . ~!{;-.\ ~-;~ ~-H~.i~"~-;-1_.,.-_ 

to look through the drivers in succession. The first Js used to establish a tentative Index ~al~e for 
.. fl:tft.tl~1,i· :~H~ ~:1! ;n,~r.J~,~~~ ·:1f: t'tL --~,~sf.t.ii!~~! ,. 

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

being). If ·the next driver has the same index value it is given the same number, iMIHttfttW.at it 

wUt be aaty,e" •hen ~rM, -~jf,tt;•:tt .._.,..._ ..... _..-..ifndtlc •"ltser'andf;the second, 
- " ~ . .t~\~-~; ·~i-n"-~- ~dt :~:(,-1 -~ ·{f:?ll 1Ji t,~r«~- ~-·1--·T:eti-~- tG ~H.tl~ --

driver is assigned a higher number, meaning that it is tentatively active (and, effectively. that the 
. ... --.- .·.,-·~,~ .• -_; __ ·,.~.- a,·. ___ ,.~ /°":.'~.: ,...: ~-1~_ . .::~.u:;_{7 -~·~,!i(':fP>?· ~{_~ ~ Vu, 

-· •. • ; ~ <--·~ ·~. ~-r;t; - "'"''" ,., ...., .~· -n , . 

first fs inactive). When an drivers have been examtnect. those sharialftllt ............ ACltVE number 

J.1µ1tip~-1eveJ. .~ .iJ¥!o.dl,tce the. ~ ,r.·~, ef, mrrept Inda· •aloft ~' ~ ·, 
~ . ' . ~ ' - . " . 

. dist_inct loop lev~ ~mt f<Jft.~trR:f ~fJICtJKCJ,lCJ •'"'"'trJoaplCiltvJnf:fl'Gm''IDops;al JrMtpfevwti.; 

Mukiple~level &>ops_~rise from,,tiro ,~k .~i ...... ;~ 'and··fllint...,.._ 
. ef· • • . • 

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





(declarat~} 

Oii UIOf Ill (~IWl9J,{.pt' ,~1• 'l'I: 

RUO f IL£ (-•M•l 11"0 (DEfMl..:fttOH); 

.'' 

ff_,~'.~ . , ; r:·~j ,, , · 
TffH DO; l£V£t_Z_Mll""'".1TtM • tl£MID_l£COU.JT9'; 

l~~U~l'l""'JD,llM'·~~ .... ·~lmll;·. ·· 
£10; 

ELSE L£V£l_1 • 't'I; 

00 Vfftlt (,Ltvµ._J~ ! 
liEn•u. JJEMDOWIO • •t•t: 

'80 Wtt.£ (UVU_Z); 

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

THUi im•OEMAllO_RtCORO. lTEflJEMAflO • lTEMDEMD_RECOID. ITEMD!MAllD + DEMMO_RECORD. DEMAND; 

ELSE DO; ITEMO~~~U~~~W;:: .::c '!•'. ..,.-, 

8Ef 111£8 .11Ull£NU • 'l 'I; 

£1B: 

RUO FILE (OEMANO) JITO (DUWlt_ftCOll); 

1f £OF .ouwm ·i·-

THEW DO; l£VEL_Z_MJWlfUt.1TE" s 8UW11_1£COll.lfllt; 

lf::~,..f.M"8'1. lltM ~ lt~'1--~iiliUttN -. , 
:: I', TM£W l~•{)'ftl; 

HO; 

un ~: t.~.vu._~:·· ·~~: 
UVU_l • 't'-1; 

UD; 

< ' '.,,:• 

- llEMOEPWID_~CotD. IT£" • LEVU_l_"l•UUt.IT£M; 

WRITE F It£ ( ITEMOUWll) FIOM ( IT£"8£Mlll_RtCOllt); 

. ;;. 

THEI l£VELS_l_THRU_Z_M11JMUl'l.IT£M • l£vtt_z_ttl•ltlll.IT[M; 

HO; 

£0 JTEMOEMllD_eotl'; -
,. ; i -· ' . - J '~ :· 

Figure t: PL/I code for I TEmEMANl IS 1lE Sll1 CF CEMMJ f(lt EACH I TEt1-IO 
' I''!,,~· ~ 
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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 an £XTEM:EJPR1CE records for that yaJue can be generated; or ··· · · · 

. 3;; .. ;_. . ''• • •; "• 

b. one is found that has an i teM- id value grtater 'thjt1 the"· dr~er'i/l»f t1.e 'PRJ tr' file is 
exhaustt"d, ifl which case there is no matching valleilltd the inner loop can be skipped. 

• • ••• f .. 

2. (Inner loiep).Qenua~-.a.B:t111tputotetdt'dl1'dt ~t)¥tlt'tt~-id value, reading records from the 
driver as you go. When a driver r~d is read that has an "'hem-id value greater than that of the 
current PRICE record, or the driving fi1e is exhausted; '9cit; ' J 1'' ·: '" ': · 

. ' 
l. If neither input file is exhausted go to step I ind repeat; otherwise nit. 

. tn this way -ncb record oftM PRICE file is read only .ontt32 

A PL/I implementation of this algorithm is' showftiltfl'ig;:~.!.? Tfi'lmdf!f wiH notice that this 
. ', . ,~~'. . ~. ~ ·- - . . " \;' . ... •. -);' . . 

implementation is unnecessarily inefficient becatillL~"··~~JCE record is not found the 
': .·--~·r.~ .·',.-,~.cl.~-· i'f.:.:. ·.,..J_ •. ~_,.i:.,1t_.l ~ 

Inner loop is executed anyway. 'Phtt ts ~t8~ wt\'tt happens In the general case where 
.-'>-~ ~-t·. ·' ~, ~·· ',',1· 1?; ~ 

there may be cakulations in the inMr...,, tMtt~ft:'ltttf~·jerformed without the use of a missing 
·~ . 

input. 

V.J Aggrepttd Co1J1f1utations 

The aggregation bf two or more computations into one nested loop Introduces a ~s~deration 
. ~: ', ; .if--:.) ~ .. :: ~ ---\~ . ; . ~ "- . 

not seen before: the synchronizatieRCf' mutptdiffilit:u 'c:11friwtiij(ti\iijt ~.' o..rsider the two 
; .. : ·. ' •. '.-,:."'". - .·' :,.\~. " ., ....... , ~~-~.,~~ ·.~ ~ f-~ ,~ 

Hf BOL computations: 

EKTEMJEOPRICE IS PRICE * CUH:NTORIER IF PRICE Pf'IESENT 
ANl WHNTCRER PRESENT 

VALUESHIPPEO IS PRICE * JTEf'IE1AN) IF PRICE PRESENT,,~,: i 1' , ., .. ' ~ 

NI> I TBIEWfl AEsENT 

32 If CURRENTOROER had been unsorted or sorted differently, records froryt PR I CE would · 
generany be read.iWC>re.than..once. . " 





83 

a file w.ith i!ld~~ Hte•.,.id). ~1"" ~~ ..... -~CllAplllaU.tmflie\1tmptemented as 

a. two-lev.et,.n~~.; loqp; .',;tw sec~~~ielt11*M11 ov.,,.-...,..lep·i1tea"'-t d and :90 has 

~~~~t~-~' ·; ,. : ,:(t' :·I,,· 
l. eve h ( i t-e11- i dt 

\ '• . '~~1~~~t.)~l: .. .. ·.· ! ' 

Protog:: calculate value-tlhlpped 
Out1JU hpM!p ty 

· }~ fllPAAlf M'IP~Y,.; H •· · 

ff>H0v. ftt:,ty 
OutJ>!li~¥~~fjlJ.JiOt:•.'•l •·r··; 1· o·:.',',;c::r·if, ·· ., •. :· ··· ·. •'' h; 

Loup 2-(inner loop) 

. ·. ~'~~~f :.,.J:i~~nMb> ¥qf1e-,ff.'k · ;: ... :. '·' ~+··· . .:. ;· ·· •r:·. ··''•'.• 
. Inputs,.: nRENltRERJ 

... c· ·.f.~~l .. 11JJJ,-- ;;;:; :~~lttl4J,...,M: ....... tce -~-c.,,;; .i ' 

Dutpu t s,:fEXTBIEFRICEJ 

' ( "! ' - ;;: 4 ~~-- .. 

lnputS(: nptg 

.E,pj,tt19: '··· .. . ..... . >: :p 
OutputS(Mpty 

,.,-. ' .-')-

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

What _is significant here is that the computations tn the aggregate occur in different levels. 
-~~~~-- .:}\: .~1 J h.~ ;t~.-<~ ):.1} .") rf~ ~·; _ :_'1V ~_? __ ~ s:'1r-f1 

Suppose that the PRICE file is guarantftld to have a record for nery 1 l•-id. Then I TEl'IE'W«J 

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

will-~-~ gen~rat~ if apd.~J;.i£,~IJ.5f•·~ -.,~ tft<lfEl!lilEfWJl,fwr.dw.11l•ilep.::;M·W the 

extend~-prtc' compur.a,lk>n. ,CW1£N\~:·A,:f.~-,...illlfec~;th.e *i•er. 
- - ·: . . 

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

first record of eC1<:hJriY.~ ~ rea~, There.~re th,.~ ~ ............ .,, th.eind'attve .ftluset the" 

.i te•- id keys in thew records: 

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





( dec.taratiou) 

(Oii cGnfit iOMJ 

(read CUftRUTOROER end init;elhe l£VEt_Z_MMl-.'fmt·•'~if_al_'.l'flM;j 
(read JT£f1DD•AllU .,,.J :tnit 1elize LEVEt_l_MllUUl.llVI • n1--_aCOD. ITlN;) 

(code to set the synd\rtNt1tat1on flag ror eech level to false tr tis drtyer lted'"' records) 
(c""9•r_hot;t .• -6·· IJ£fl qlws t• Ht 1yacN111._atMit flliP: 1; 

1f lEYEl_l_"lWIMIM.JTlN ) UV£l_l_Ml• .... tTl,ll 

lfVU._Z • 't'•: 
t.ntu.,1_'fllh:.~ ... u_..,,,£R ·.r tdll ... 1_tt11FU111.1mt; 

HO: 

E\.SE . I~ -llltl;..2.:.Nff-. ltat' < tilYft.,:.;1.:_1'._-.18. · 

fffH 00; 80_U¥ll_l • 't'•..: 
. AJWt;.;.• •• ,.,l,1'!1 ' ' ' 

UYUS_l_ TffRU_Z._Mlllflllt.1TEM • ttvtl_Z_WIWDIM. 11£,._. 

ER; 
nu -10-; to_tuu_t .. ·11 1-; 

1-fVt:l_l.., •1•1; 

UVU.S_l_JMRU_z.:.1tia .... 1fti'i~ LMiii~'l~---~iiif: · 
tlB; t ,H•,ql.3A l ·•·~· 1 

1'0 Wll.t (lfYU._1-).; 

( rffd 1'11« r«:onl1 

lF fOUWO.f'RtCf_:.RtCORD Jff£W (calculate aftd wUe ertnde•·,rtca) 
,.,,.. (tit_, -CUllll~A(.- ,.._t .ffelNUJljU~l:l-ftlf ~ ....... _.eellb;4rite:J'· 

(checl for aof) 

If l£VEt_Z_ftlfll""". nu• ».tt'ti!U.)Lflill;.Z.£--~~-UfU'..f it'·••: :i·· 
nx uw:l_z • • 1 •11 

If OO_LEVU_l lltEI DQ /• ftt1 l8f U¥El_l •/: 

.. ' -·~· ............. -·~--..., .. ,._. .. ....,,.. ~' 

HD /• UVU_l •/; 

(read 1.Tfftl[,.. ..., rent 

.:t.n~J_w1a1'8f;l19·•:1, ...... _ .... Hti:l'1 
·• 

tllD /• l_,Hot UW.l_I •/; 

Figure 6: Illustration Of synchronization code for aggregated computations 





Data Driven ~ · 

PAV _an:>: PROCEllllE1 

DECLARE OSAGi ltflUT f llE SECIENTIAL RECtHJ. 
~y OOWUT fllE SEtiOnAl Rtf®; . 

DECLARE 1 PAV REaRJ. 
· 2 -mitftiiEE F re ttc1rw. <u ~ · 
? PAY FIXED ~lnAL (4t, 

1 OSAGl_fEctlll. 
2 Ef1PlOVEE f IXED iJECllW.. (4J • 
2 rEFJtED M.IGEO, 

3 tOR; Bil Ut. 
3 -OVERTUE 8l T U l. 

-2 tnm til<EtLtE:tlW. i3t: 
2 OVERTJtE FU<En !ECllW.. tll& 
2 EtftrME 'Flxel: ·IJtt1t.iAt 14t, 
2 mm5 f JXED ~qrw.. (llt . 

DECLAJE 1 EtJF AttlX'O.. .. "' , 
2 OSAGl ·en JU !IW..lflEO INHIM. •••• ,h . 

CM £MJFIL£ tOSAGU EfF.OSAGl • •1 •th 
. . I 

READ .FILE fOSAGlJ U.ITO 10SAGl_REC(R)h 

00 J.IU LE (- BF. OSAGlJ-; 

JF ffiA'Gt. {ff I tEO. KlR> 
TIEN 00; 

ElSE; 

ENJ : 

PAY~RECCllJ.PAV • OSAGl.JIEC(JIJ.tlJJIS • 3.81 

PAY_RECCR>.BF\.P~E • DSAGl~~., . ' ·, ~ ' ' 

&.RITE FflE (f!'AYJ 'Rm {PAY~, ' 

READ FILE fOSAGlJ INJO fOSAGl_RECflllJ1 

READ FILE_ tDSAGU lttTQ ~1.JEaRIJi 

ENJ PAV CCII'~ . - . 
Figure7: PL/I code for PAV IS~ * 3.88 with Agcregated Flow 
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used. If the sort orders are compatible the method of access is completely lf1alogous to sequential 
- .. • ~JI- ' • 

· access except tbat "records" are "read" froaHhetable 1n..a Of tedla\fary ·Stwag'e (see Fig. 8). 
- ". ,lo\: ; . ' ";· 

If the input file is "randomly" organized (regional (2))• ~ et'Xle generates a hash index 

and then mimics the PL/I access procedure: compare the key valuMkfK'.'~· fftdkated table entry 
. ": )'Q . 

with the desired ones; if identical stop; otherwise examiM ~ff\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 
'.; -,_ 

V .5.3 Random Access 

When the records of a mput att- directly (regional (2)) organized the file is randomly 

accessed. Instead of using a ~-as 1jijtfMtquential access, a single read, using a cakulated key is 

executed. For. example, if the PRICf fife tn tht· E.CTEtlEt.PRICE cc:mputatlon (above) were 

randomly accessed, the accessing part of the code would be: 

PRICE_RECORO_HASH_VALUE = MOO {5 * um {LEVEL_2_MINUU1. ITEM,)}.); 
PR I C:E41ECCJAP-.JfASH_ VAtl:E_S nu NG • PRJoEJl!ctiiJJilSff _ VAt.lE: . 
PR I CE_RECORO_HASH_KEV .. 

LEVEL_2_MINIMUM. ITEM 11 PRICE_RECORO_HASH_VAllE_STRlt«i: 
FOUNO.PRICE_RECORO = '1 'B; 
READ FILE fPRICEJ INTO fPRICE_RECOROJ KEY- fPRICE_RECCRJ_HASH_l(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 handted by the statement: 

ON KEV tPRJCEJ IF ONCOOE • 51 THEN FOlHJ.PRICE_RECCRJ • '8'8; 

which resets the FOi.HJ flag if a "keyed record not found" error occun. 



lf f.Of .PRICE 

114(1 DO; If FOUllO.,.JCE_RECORD 

lHEa If ,.l~,;.~_19U < • fll«:...nc.t_Slll 
TIIH PfUC£_RECOltO_IU[ll. PllC£_•ccm_1mx + l; 
USE £l!f .l!ltl,Cl. • •1••: 

PaJCl.._REt-..:._m.Altf; . 

lf £Of .PlJCE 

'- Rel~fGUIO~.ftJ&aJl(CQll • ~t'I; 

. ' US£ If- PIJCE_RECOll. IT£" • l£V£lS_l_TIIRU_Z_MllHlll. ITUI 

£ID; 

THU fOUIO .NICE_RECORO • 'l'; 

lU£. lf. ~Cf_llU.qll.fff.11), lHU.S;..l.Jlliu_l.Jllllllllilt;ltl!R '' 

TitEI fOUllt.PRICE_•CORO • 't'I; 

US£ DO; If fOUllD.Pllt£_•COID 

TIEI If PllC£..:.•cou_JllD£X < • N1Ct_RECORl_SIZ£ 
,, . , JllH:ta--~_llllll Ill •• 

PlllCl_tiaMl_l_X + I; 

... lUl.·Hf.fl~.a ':I~'" 

IO TO _PRJa_ ... _:C.m; 
£•: 

Figure 8: PL/I Code for Reading PRlGE bJ ~e Tabie;tn the ...... Pike ComputatiOn 
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11.6 Tht Crntral Case--A Sumnzary 

We have seen th.at the basic code structure for a computation consists of the following four 

parts:35 

declarations 

on-conditions 

loop inltiahzation 

the nested 1oop:K 

The basic structure of the body of each loop in the nested loop is as follows: 

rttad Be match non-driving inputs 

Prolog cakutations 

· iflner loop (if any) 

Epilog cakulations 

write outputs 

read active drivers 

determine new active drivers 
and index values for the next iteration 

twp synchronization <:ode 

exit on [Of.or (for inner loop) sub~iadex (ha"Ce 

39 It may be .. interesting to note that ProtoSystem l's code generator generat.es these sections 
simultanrously as four separate output streams (ratber,0than 11...-llJJUlat --~fed togetfitll' 
when they are an finished. · 

36 There is no clean-up code following the loop beciHlse ttae·end Of'dte 'jOIJ'st@p whkh ts the · 
computation does everything necessary, including the closing of files. 

-----------------------------------
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Appendix I: The Simple Expositional Artifkial ~(SEAL) 

As an aid to discussing loops we invent an artificial tanguage similar In form to tracUt~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~Ht> 
<body> 

end 

which has the meaning: ~form the actions contained in the <body> for each Yalue of_the <loop-
,~~'.!: ;ri -:n-~-'.~~-r~-> ·· < .,,;- .... )i-: · · 

inde><> obtained froot the flows in the <driving-flou-sef>. <loop-index> is the eithef' the 
• 4 -, ~--" ~··'. 

name of the index associated with the flows in the <dr iving-flou-set> or (for r~sons that 

become evident in thts 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 and def i ned: input (record fetching) is expressed by the get operator. thus: 

get <variable-instance> 

where <var i ab I e- instance> specifies a flow and a particular valut1ar Its lftdft~ represented as a 

Yariab~ (see below). A statement like this mn11s:·fetctt die inilltd!d fttDrd·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 expresstom .. It ts 

applical;Jle only.w flow_ variable :instances. The form 

def ined[<var iabte--rttatance>J 



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 staceml!liifla '.<etat.ef.'tt,_ t f 1tb2• 

Logical expressions can be f~rned .uQt1g the-•ilh.-OC ~·.,-ators, the defined 
. , r, · Jf·'J 

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»eprees t6n>i if .11\t! logical expression <condition> evaluates to 

"true" and to the value of <expression>2 otherwise.. 

Variables and Assignment: expressed by the construct: 
. . 

<variable> .. <e1<pression> 

where • is the assignment operator. 

A variable can be eilher a scalar or an indexed variable. Flows are represented as tndned 

variables with an index identical to the flow's index. Thus, CENM:Hite~ild. -•toife .. i.d) is the 

corresp90di11g fl~¥' record.;T~t~ for example, the statement_ 

OEMANOU234, 5678) • CURRENTOROERU234, 5678) + 
BACKORDERf1234, 5678) 



mum that the datum of the ffCOl'd GfilBWIJfor ftem .mt _..mty store •!1678 is to get the 

value obtained bJ adding> the' dara ot die '~Ing reaacls frOM ~ alld 

file that equation translated into our artificiatlanguap(with'a generitlimMnd'ex). such as 

CEtlANHi te11-id. store-id) • 

if definedlct.R£NTCRERI i tea-id. store-idJJ 
and defined HWlCOIBtU t•""ht.,, .flor+tt.;;.fdl l ·, 

then QllJENl<llEUit--•d~ •tor~1dt +' 
BA<XCRERf i tea-id. etore-id} 

else if defined(CllffNTCRERfitea-id, store-id)) 

then ~NTCllER(itea-id. store-id) 

efse if defined(~(H--icti &tore-id)} 

then BAt!UIEtf J~hl. · etar"e-t d) 

e I se undef ttMct · 

and would apFar somewhere in the body of .... 

· Sub-flows: ~ sub-flow (for use in the for each construct) it nprested bf. 

<flou-variable>f<sub-index>) 

For example. 

denotes the sub11ow of ctRENTER9 comtsttng ,or JUst'1flose:Tfcords whOSe lndkes correspond to 

the value of the sub-index (item-id). Genera My, the ftlue of die Wtcafed d'-indri ts-n~ed ·by an 

enclosing loop. 
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sub-flow. 22, 80. 91 
system input, 64 

tota I back-substitution, 65 
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