563Index

Emboldened terms indicate where a term has been defined in the text.Aa-conversion 85, 88, 103a-convertible 85ABC assembly 336ABC instruction 323ABC machine 321ABC machine state 323ABC micro-instruction 323ABC program 324, 336abstract data type 55, 57abstract domain 228abstract interpretation 186, 220, 221,228four-point domain on lists 235safety criterion 225, 229, 230abstract interpretation function 228abstract ordering 224abstract reduction 186, 221, 242, 269safety criterion 245abstract signature 56, 57abstract type 263, 283abstract type definition 55, 57abstraction constraint 190active processor component 462active reducer 467actual argument 82additional rule alternative entry 344address register 381administration store 461algebraic data type 55, 56, 262, 281Algol 7alphabetically equivalent 85annotation 265global 266local 268normal form 428process 429, 447process normal form 430process root normal form 430root normal form 428step 429strategy 428strict 265{!} 428{!s} 428{!!} 428{*} 429{I} 444, 447{p!} 430{p!!} 430{P} 444, 447{P AT location} 447, 450{Par} 410, 412, 442{Self} 413, 442anonymous function 80application constraint 190applicative expression 94applicative language vapplicative order reduction 92, 109applicative style 118apply entry 345apply function 354apply node 354apply rule 354arc 152argument 115actual 82formal 80needed 220strict 220argument pointer 370arity 115assembler 336assignment 7A-stack 322, 328, 460, 480, 490Bb-convertible 91

564INDEXb-redex 86b-reduction 86b-reduction step 86b-rewrite step 86basic block 387Berry�s example 132black hole error 173block 40bootstrapper 324, 336bottom symbol 172bound variable 80, 84, 188, 309boundary check 369bracket-abstraction 94B-stack 322, 328, 356, 460, 480, 490burst 454CC 7call-by-name 109call-by-need 109call-by-value 109calling convention 343calling mechanism 109canonical form 151, 153cdag 393central processing unit, see CPUchannel 441channel node 472, 484channel process 413child of a node 372Church numerals 100Church—Rosser property 90, 125, 164Church’s d 102Clean 180, 220, 255closed graph 149, 153closed term 115coarse-grain parallelism 406code field 326, 370, 468code generation phase 390code generator 366code pointer 370collector 379combinator 93combinatorial system 131combinatory logic 93comment 14, 256communication channel 441, 448communication network 465communication process 460, 464, 482compaction 373comparing rule 301, 302complete ordering 225complete partial ordering, see cpoConcurrent Clean vi, 9, 447Concurrent Clean software, seeConcurrent Clean systemConcurrent Clean system viiavailability viiicode generator viihow to obtain the software viiinterpreter viiprogramming environment viiconcurrent evaluation 404concurrent program 404condition codes 389conditional rewriting system 137confluency 90confluent GRS 164confluent TRS 125connected dag, see cdagconstant 82constant symbol 151constructor 117, 210, 262constructor definition 301, 303constructor symbol 154contents function 155context switch 466, 482continuous garbage collector 374contractum 156contractum pattern 154conversion phase 390copy node 432copying 168deferred 435lazy 434copying garbage collector 375, 493correctness proof 29cpo 225CPU 5C-stack 322, 329, 460, 480, 490current reducer 466curried function type 260Curry type 189Curry type system 188currying 26, 34, 259cycle-in-spine 353cycle-in-spine error 161, 173, 326Dd-function 83, 88, 121d-redex 88, 121d-reduction step 88, 121d-rule 83, 88, 121, 160, 230dag 148, 170, 262, 390data constructor 21, 34, 55arguments of 55data register 381data structure 21, 34deadlock 431, 456, 493declarative programming language vdecomposition property 418defer attribute 434

INDEX 565deferred indirection node 470deferred node 434defining occurrence 117definitionconstant 300, 310constructor 301, 303function 300, 310local constant 300definition module 271deprocessing 419descr-id 326, 327descriptor 327descriptor pointer 370descriptor store 322, 327, 460, 482, 492desharing 108destructive update 274diamond property 90directed acyclic graph, see dagdirected graph 147, 153discriminating position 134discriminating position strategy 133divide-and-conquer parallelism 410domainflat 226lifted 226semantic 225domain theory 225domain type 189dotdot expression 43, 304driver 469driver process 352dynamic loading 480Eeager copying 432eager evaluation 219, 265entry 326additional rule alternative 344, 346apply 345, 346_cycle 353_driver 352eval args 344, 345, 356_mismatch 353node 343_rnf 353rule alternative 344, 345, 357environment 15equal functions 233equation 14error message 19eval args entry 344evaluation 15eager 109fully lazy 315lazy 109event I/O 283explicit import 272export statement 271expression 14expression in PNF 418Ffactorial 30fair rewriting 429fairness 466FGRS 173, 180, 186file I/O 283, 284filter 45, 306fine-grain parallelism 406fixed pointleast 227fixed point combinator 99fixed point construction 200, 227fixed point theorem 227flat domain 226forced evaluation 138formal argument 80forwarding address 375forwarding pointer 375, 484FPL 9free-list 372free space 372free variable 84, 310fresh variable 85FTRS 139fully lazy evaluation 315function 9, 11, 117anonymous 80co-domain 11continuous 226domain 11, 189, 227effectively computable 10equal 233first-order 25formal parameter 14global 39higher order 25image 11infix 15l-definable 91local 40mathematical 11monotonic 226partial 12, 19polymorphic 199prefix 15range 11, 189strict 220total 12type of 12untypable 53user-defined 15

566INDEXfunction application 14, 81, 188function argumentactual 14formal 14function body 14, 81function composition 58function computation 13function constructor system 264function definition 14, 33, 188enumeration 12equations 12function name 14function on a constructor position 264function result 14function symbol 154function type 189, 281functional graph rewriting system, seeFGRSfunctional languagesadvantages 7disadvantages 10eager 18, 25, 33lazy 18, 33pure 9strict 18functional notation 259functional program 14, 33functional programming 1, 4functional programming style 7functional strategy 139, 174, 348functional style 117functional term rewriting system, seeFTRSGgarbage 372garbage collection 157, 366, 371global 486local 486garbage collector 371, 372continuous 374mark—scan 377on-the-fly 379stop-and-collect 374copying 375mark—scan 376garbage reducer 486generalized graph rewriting system 176generator 44diagonalizing 46generic type variable 49global garbage collection 486global node 441, 484global register assignment phase 390,391global strict annotation 266globally discriminating system 136graph 149, 151, 152circuit 153closed 149, 153connected 153data graph 153directed 153directed acyclic 262equivalent graphs 153initial 155open 149, 153root 153subgraph of a node-id 153unique 276graph reduction 107graph rewrite rule 149graph rewriting system, see GRSgraph store 321, 325, 481, 491GRS 147, 149, 151, 153, 169, 176ambiguous 164comparing 164confluent 164guard 19, 256overlapping 19guarded equation 18, 20HHaskell 9, 37, 41, 180head normal form 105, 122head redex 105heap 370HOPE 9, 37, 180hot spot 494Huet—L�vy strategy 136hyper-strict 276Iimperative programming language 5imperative programming style 5implementation module 271importexplicit 272implicit 273inactive reducer 467indirection node 349indirection table 484induction 30infinite computation 25infinite data structures 23, 24infinite list 25infinite reduction sequence 89infix notation 301initial expression 15, 16, 33, 38

INDEX 567initial graph 155innermost redex 129innermost strategy 92, 129input/output channel 322, 329, 461instance of a term 119instr-id 324instructionABC 323micro 323instruction entry 325instruction fetch 324, 336interactive program 64, 273interleaved process 405interleaved reducer 429, 448internal polymorphism 206internal reduction step 137I/Oevent 285events in 283file 283, 284screen 283I/O call-back routine 288I/O device 286dialog 287menu 287timer 287window 286I/O event handler 288I/O file system 284I/O interaction 287I/O program state 287I/O state 287irrefutable pattern 301, 302KKlop�s example 126Ll-abstraction 80, 188l-bar operator 103l-calculus 9, 78, 80, 131, 186l-definability 10l-expression 80equal 85tree representation 83, 189l-lifters 309l-term 80consistent 190strongly normalizing 188lazy context 268lazy copy node 435, 448, 472lazy copying 434, 448lazy evaluation 219, 265lazy node 268Lean 255least element 225least fixed point 227least upper bound 225left normal TRS 130leftmost redex 92, 129leftmost reduction 92leftmost strategy 92, 129leftmost-innermost redex 92leftmost-innermost reduction 92leftmost-innermost strategy 92leftmost-outermost redex 92leftmost-outermost reduction 92leftmost-outermost strategy 92, 130lifted domain 226lifterl 309rule 309lifting 169LISP 9list 21, 41, 101, 257comprehension 43dotdot expression 43, 304empty list 21infinite 23length of 23predefined functions on 22recurrent generator 46, 308sorting a list 31ZF-expression 44, 305list concatenation 23list constructor 22list denotation 22list element 21list subscription 23LML 9, 37, 180load balancing 483local garbage collection 486local register assignment phase 390local strict annotation 268locally discriminating strategy 135locals 490location directive 450locked node 468locked reducer 467locking of processes 430, 448locking of reducers 468loosely connected subgraph 441Mmacro 260macro expansion 386mark phase 377match 119, 155infinite 244

568INDEXpartial 122, 160, 244total 244matching phase 344maximal free expression 316MIMD machine 407Miranda 9, 27, 37, 130, 155, 180ML 9, 37model of computation 13Modula2 7moduledefinition 271implementation 271pass-through 273start 271system 272monad 276most general unifier 52mutator 379Nnameless dummy 104narrowing 137narrowing rewriting system 137natural numbers 100needed redex 128nf annotation 428nfib-number 362node 152, 371argument of a 152channel 472constant symbol 152copy 432deferred 434deferred indirection 470empty 152, 166, 172global 441lazy 268lazy copy 435, 472locked 468reachable 153reducing a 157reserved 468rewriting a 157strict 268unique 276node definition 152node entry 343node identifier, see node-idnode-id 149, 151, 152, 325defining occurrence 152non-deferred subgraph of a 435node-id constant 149, 152, 153node-id variable 149, 152, 153non-deterministic reducer 127, 168non-deterministic strategy 127non-rule-based strategy 129normal form 16, 18, 89, 121, 160normal order reduction 92, 109, 219normalizing reduction strategy 91, 127N-queue 461, 469, 481, 491Ooffside rule 40on-the-fly garbage collector 374, 379open graph 149, 153open term 115operating system 460, 461, 463, 482operating system call 463operating system instruction 463order of evaluation 17ordering phase 390, 392ordering relation 227orthogonal TRS 127, 128, 170outermost redex 129outermost strategy 129P{Par} annotation 412parallel architectureMIMD 406distributed memory 407shared memory 407SIMD 406parallel evaluation 17parallel process 405parallel reducer 127, 168, 448parallel reduction strategy 127, 132,168, 429parallel-outermost strategy 132parallelismcoarse-grain 406divide-and-conquer 410fine grain 406parametrized function 28parent of a node 372partial match 160partially ordered set, see posetpartially overlapping rewrite rules 124pass-through module 273path analysis 247path in a graph 153pattern 20, 117irrefutable 301, 302overlapping 164pattern match 20, 101, 119picture 286place-holder node 343PNF 417p-nf process annotation 430

INDEX 569pointerargument 370code 370descriptor 370polymorphic algebraic type 57, 282polymorphic function 199polymorphism 198poset 225powerset 226, 242predefined functions 15predefined operators 15predefined types 15prefix notation 301priority rewrite system, see PRSp-rnf process annotation 430process 404, 460channel 413child 412deadlock 431interleaved 405parallel 405parent 412process allocation 447process annotation 429, 447process normal form, see PNFprocess type 417processor 460processor-id 471product domain 227program counter 322, 325, 381, 460,480, 490program store 321, 324, 460, 480, 490program transformation 4programming languagesimperative 177logical 137, 177programming stylebottom-up 67functional 7logical 7object oriented 7step-wise refinement 67top-down 67projection function 42, 258proof techniques 4proper subterm 115PRS 137, 139pure functions 9Qqualifier 44Rrange type 189record 463recursion 12, 14, 98, 198, 200redex 16, 33, 86, 88, 119, 155self-embedding 165redex pattern 154instance of 155redirection 150, 154multiple 177reducer 102, 127, 168, 460, 462active 465, 467current 466inactive 467interleaved 430, 448locked 467non-deterministic 168parallel 168, 448suspended 467reducer state 462reduct 89, 121, 160reduction 33, 120, 156element 236spine 236reduction order 90, 91reduction rule 80reduction sequence 89, 121, 160reduction step 16, 33, 86, 88, 121, 160reduction strategy 17, 33, 91, 127, 129,168non-deterministic 168parallel 168, 429reference count 377reference count garbage collector 374referential transparency 29, 34register 329, 388register node 392representation of a node 491reserved node 468rewrite 120, 156rewrite rule 80, 117, 153rewrite sequence 121, 160rewrite step 121, 160rewriting 33fair 429rewriting phase 344right-hand side expression 309rightmost redex 129rightmost strategy 129rnf annotation 428root normal form 160root of the cdag 393round robin scheduling 467router 483, 493rule alternative entry 344rule lifting 308rule of signs 221

570INDEXrule-based strategy 133run-time system 342, 352, 482, 492SSASL 38scan phase 377scheduling 466scopeglobal 39local 40screen I/O 283script 38{Self} annotation 413semi-spaces 375sharing 167, 168, 313common subexpressions 314cycles 314of computation 148partial applications 314shorthand form 151, 161side-effects 7, 9, 17s normal form 428signatureabstract 57, 263concrete 57, 263SIMD machine 406single-threaded 276soft term 122software crisis 4, 7software engineering 4stack frame 342, 343standard interpretation 221start module 271starvation 494state transition system 287static analysis 186static loading 480status register 381step annotation 429stop-and-collect garbage collector 374storage allocator 372store register node 392strategyhypernormalizing 168innermost 92leftmost 92leftmost-innermost 92leftmost-outermost 92normalizing 168strategy annotation 428stream 64strict annotation 265strict context 268strict node 268strictness 220strictness analyser 269strictness analysis 186, 219, 221string reduction 107strong head normal form 123, 174strong reduction 105strong root normal form 161, 174strongly normalizing TRS 130strongly sequential TRS 136subgraph 153loosely connected 441self-contained 440subgraph replacement 148subpattern 117subterm 115subterm replacement 148super-combinator 316surrounding l 103suspended reducer 467suspending of processes 430symboldefining occurrence 211symbolic substitution 13, 30synonym type 262, 281system module 272Ttail recursion 348task 404TDRS 170term 115, 149term dag rewriting system, see TDRSterm graph rewriting 169term graph rewriting system, see TGRSterm rewriting system, see TRSterm � rewriting system 169term tree rewriting system, see TTRSTGRS 172top-down design 67totally overlapping rewrite rules 124transputer 488TRS 117, 149, 151, 155, 168, 169, 173,176, 186ambiguous 123comparing 125confluent 125critical pair 124left-normal 130non-deterministic 123non-left-linear 125orthogonal 127, 172partially ambiguous 123safe 214, 265strongly normalizing 130strongly sequential 136tree representation 116truly lazy 39TTRS 170

INDEX 571tuple 41, 257, 300Turing computability 10, 91Turing machine 5typeabstract 263algebraic 56, 210, 262, 281arrow elimination 190arrow introduction 190basis 190constant constraint 211curried function 260Curry types 189domain 188equal 192equivalent 191fresh instance 199function type 188of a function 48generic type 199of a list 48Milner algorithm 202Milner—Mycroft algorithm 206most general unifier 192Mycroft algorithm 205pair 190polymorphic 282polymorphic algebraic 57principal pair 197principal type 197property 197, 212process 417range 188Robinson�s unification algorithm192, 215sound operation 191subject reduction property 197, 213,214synonym 262, 281of a tuple 42, 48unifiable 192unique 277type abstraction constraint 190type application constraint 190type assignment 210type assignment system 186type assumption 190type checking 48, 54, 206type conclusion 190type constructor 48, 189type conversion 279type deduction 48, 50, 54type environment 199type inferencing 206type instance 191, 262type statement 190type substitution 191type symbol 262type synonym 55type systemMilner—Mycroft 47polymorphic 49type tree 188, 189type unification 192type unifier 192type variable 262Uunification 51unique graph 277unique node 276unique normal form property 164unique propagationinside-out 281left to right 281unique propagation rule 280unique type 277unique type attribute 277unique type definition 280unique type specification 277UNQ 277unravelling 169Vvariable 9, 15bound 80, 84, 188, 309free 84, 310fresh 85head 105Von Neumann architecture 5Wwaiting list 492waiting list register 461, 469, 481, 491weak head normal form 105weak reduction 105weighted reference count 487workspace frame 490ZZF-expression 44, 305