Eliminating Stale Data References through Array DataFlow Analysis

Lynn Choi University of Illinois at UrbanaChampaign Center for Supercomputing R ς D 1308 West Main Street Urbana IL 618011351 lchoi∂csrd▷uiuc▷edu

PenChung Yew University of Minnesota Department of Computer Science 200 Union Street SE Minneapolis MN 554550519 yew∂cs▷umn▷edu

Abstract In this paper we develop a compiler algorithm for de tecting references to stale data in sharedmemory multi processors▷ The algorithm consists of two key analysis techniques stale reference detection and locality preserv ing analysis▷ While the stale reference detection αnds the memory reference patterns that may violate cache coher ence the locality preserving analysis minimizes the number of such stale references by analyzing both temporal and spatial reuses▷ By computing the regions referenced by ar rays inside loops we extend the previous scalar algorithms ♭7 9♯ for more precise analysis▷ We have implemented the algorithm on the Polaris parallelizing compiler ♭19♯ and using executiondriven simulations on Perfect Perfect benchmarks we demonstrate how unnecessary cache misses can be eliminated by the automatic stale reference detection▷

1▷ Introduction Directorybased hardware coherence protocols have been studied to enforce the cache coherence in several largescale research machines ♭2 17♯▷ However due to complex and expensive hardware cache◁directory controllers required by such schemes most of recent MPP systems do not provide hardware coherent caches which prohibits the usefulness of caches for remote memory access▷ For example in Cray T3D lack of cache coherence mechanism forces each cache line loaded by a remote read not to be cached ↼by an un cacheable load instruction↽ or to be βushed ♭16♯▷ Several compilerdirected coherence schemes have been proposed ♭6 8 9 12 18♯▷ In this approach cache co herence is maintained locally without directory hardware avoiding the complexity and the overhead associated with the hardware directories▷ Although the performance of such schemes have been demonstrated through simulations most of those studies assume either perfect compiletime analysis or analytic models without real compiler implementations ♭1 18♯▷ It is still unknown how effectively the compiler can detect potential stale references and what kind of per formance can be obtained by using a real compiler▷ In this paper we develop and implement a compiler algo rithm on Polaris ♭19♯ parallelizing compiler to test the feasi bility and the performance of a compiler scheme which can be easily incorporated to implement cache coherence for ex isting MPP systems that do not have hardware directories▷ Using such a software approach we not only can reduce overhead in cache coherence management such as cache βush or barrier operations but also can decrease the fre quency of remote memory operations to take full advantage of onchip caches▷ We use a combination of interval and dataβow analysis techniques to determine memory reference patterns which can lead to stale data accesses▷ To obtain more precise array access information we compute the array region referenced by each array reference▷ For symbolic analysis involving arrays we use the gated single assignment ↼GSA↽ ♭3♯▷ Two key analysis techniques are used to identify poten tial stale references. ↼1↽ stale reference detection and ↼2↽ locality preserving analysis▷ The stale reference detection algorithm αnds memory reference sequences that may vio late cache coherence by using a defuse chain analysis▷ The algorithm is based on a new condition for a stale access▷ It considers implicit RAW ↼readafterwrite↽ and WAW ↼write afterwrite↽ dependences caused by multiword cache lines ↼see section 1▷1↽▷ To further reαne reference marking two locality preserving analysis techniques are used to exploit both temporal and spatial reuses♭24♯ in a program▷ To re αne reference marking for both group temporal and spatial reuses we mark the initial occurrence of upwardlyexposed uses in a program region for potential stale data references▷ In addition we use a code generation technique guarded execution to further remove unnecessary cache misses at runtime for self temporal and spatial reuses as well as to fur ther utilize array region information computed at compile time▷ All these compiler algorithms have been implemented in the Polaris parallelizing compiler and experimentation results on Perfect benchmarks ♭4♯ are discussed▷ 1▷1▷ Stale reference condition Memory event ordering Letφs αrst deαne the ordering of events which leads to a stale reference▷ The following sequence of events ♭23♯ creates a stale reference at runtime. ↼1↽ Processor P_i reads◁writes to a memory location x at time T_a, ↼2↽ Another processor P_j ↼j ≠ i) writes to x at time T_b ↼> T_a↽, ↼3↽ Processor P_i reads the copy of x in P_iφs cache at time Tc ↼> T b↽▷ The event ↼1↽ will create an initial cache copy of x in P i and the event ↼2↽ will create a new copy of x in Pjφs cache making the copy in P iφs cache stale▷ The following read of x by P i becomes a stale reference▷

Stale reference sequence In our parallel execution model the execution of a parallel program is viewed as a sequence of epochs▷ An epoch is either a parallel loop or a serial section of the code between parallel loops▷ Assuming only DOALL types of parallelism ↼no dependences among con current tasks↽ the memory events ↼1↽ to ↼3↽ should occur in different epochs▷ Otherwise there are dependences among concurrent tasks▷ To detect stale data reference from a source program the previous compiler algorithms ♭7 9 23♯ look for the following memory reference patterns that consist of ↼a↽ a read or a write ↼b↽ one or more epoch boundaries ↼c↽ a write ↼d↽ one or more epoch boundaries and ↼e↽ a read▷ However with multiword cache lines there can be im plicit dependences due to false sharing ♭13♯▷ Letφs look at the program example in Figure 1↼a↽ and the correspond ing memory events ↼Figure 1↼b↽↽ at runtime▷ The αgure also shows the content for each cache▷ It assumes two word cache lines and a writeallocate policy▷ All caches are empty at the beginning of epoch 1▷ The read reference to Y↼2↽ by processor 1 in epoch 3 is a stale data reference since the cache copy is read in epoch 1 but a new copy is created by processor 2 in epoch 2▷ Similarly the same memory reference pattern makes a read reference to Y↼3↽ by processor 2 in epoch 3 stale▷ However note that there are three additional stale data references which do not conform to the above memory reference pattern▷ Letφs αrst look at the write reference to X↼1↽ by processor 1 in epoch 1▷ The reference will causes a cold start miss and will load the en tire cache line from memory creating a copy for both X↼1↽ and X↼2↽▷ This causes implicit RAW↼readafterwrite↽ or WAR↼writeafterread↽ dependences when they are written in epoch 2▷ Therefore the following read reference to X↼2↽ by processor 1 in epoch 3 becomes a stale data reference▷ The readwrite dependence among the variables in the same cache line creates a false sharing effect▷ These implicit de

Figure 1▷ Stale accesses resulting from im plicit dependences with multiword lines▷

pendences can also occur between concurrent tasks in the same epoch▷ For example in epoch 2 the write reference to Z↼2↽ by processor 1 will cause a cache miss and brings the entire cache line including a copy of Z↼1↽▷ However in the same epoch processor 2 writes to Z↼1↽ making the cache copy in processor 1 stale▷ The following reference to Z↼1↽ by processor 1 in epoch 3 becomes a stale reference▷ A similar case happens for the reference to Z↼2↽▷ Therefore to handle the line aliasing with multiword cache lines the sequence of events ↼a↽ a write ↼b↽ one or more epoch boundaries and ↼c↽ a read is sufαcient to create a potential stale reference▷ We call this sequence of events a stale reference sequence▷

1▷2▷ Array dataβow analysis

Previous compiler algorithms ♭7 9♯ treat an entire array as a single variable which leads to conservative estimation of potential stale references▷ Letφs look at the previous example in Figure 1↼a↽ and assume that the iteration space of loop in epoch 3 is now from n⇁1 to 2n instead of 1 to n▷ Treating an array as a single variable the compiler will mark all the read references in epoch 3 as potentially stale since the variables X Y and Z are all modiαed in previous epochs▷ However a careful array βow analysis will mark read references to Y and Z as safe because the array regions accessed in epoch 3 and the regions accessed in the previous epochs are distinct▷ In a scalar analysis even a write to a single element of an array is interpreted as a write to the entire array▷ This conservative scalar analysis often creates unnecessary cache misses either through invalidations or by redundant accesses to main memory ♭6 8 9♯▷ These unnecessary memory accesses can be avoided by a more precise analysis▷ In the following we will demonstrate how array access information can reαne the stale reference detection▷ First we describe our framework for array dataβow analysis such as GSA and subarray descriptors in section 2▷ Then in section 3 we present two key compiler techniques. the stale reference detection and the locality preserving analysis▷ In section 4 we discuss the results of applying both scalar and array βow analysis on Perfect benchmarks and show their performance using executiondriven simulations▷ Section 6 concludes the paper▷

2▷ A framework for array dataβow analysis

2▷1▷ Gated Single Assignment ↼GSA↽ form

To perform effective array analysis the symbolic manip ulation of expressions is necessary since the computation of array regions often involves the equality and comparison tests between symbolic expressions▷ static single assign ment ↼SSA↽ ♭11♯ is a representation of a program in which each use of a variable is reached by exactly a single deα nition of the variable▷ It allows us to track the value of a variable by its name▷ Gated single assignment ↼GSA↽ in troduces three types of pseudoassignment functions which are extensions of the ϕ functions used in SSA. • γ↼cond value1 value2↽ . for ϕ function located imme diately after an IF statement▷ It includes the predicate of the IF statement as the αrst parameter▷ • μ↼value1 value2↽. for ϕ function at the head of a DO loop which merges the values coming from the outside ↼value1↽ and the inside ↼value2↽ of the loop▷ • η↼cond value↽. for ϕ function at the exit of a loop which selects the last value produced by a μ function▷ Since the μ function at the header of the loop can be used to αnd the last value of the loop the η function is omitted in our GSA form▷ By transforming a source program into its GSA form we can treat arrays with different reference regions as different symbolic variables▷ We use two symbolic analysis tech niques▷ Global symbolic forward substitution propagates information until it terminates at the conβuence points in the control βow graph▷ A backward demanddriven sym bolic analysis is used next to compute values and conditions across the conβuence points of the control βow graph ♭22♯▷ In addition to the above 3 functions another function called α↼array subscript value↽ ♭11♯ is used to replace the

PROGRAM example PROGRAM example DOUBLE PRECISION x y DOUBLE PRECISION x y INTEGER⇀4 i num INTEGER⇀4 i num DIMENSION x↼200↽ y↼200↽ DIMENSION x↼200↽ y↼200↽ S1 PRINT ⇀ φPROGRAM STARTφ PRINT ⇀ φPROGRAM STARTφ S2 XDOALL i / 1 100 1 XDOALL i1 / 1 100 1 y1 / μ↼y0 y2↽ x1 / μ↼x0 x2↽ S3 x↼i↽ / i x2↼i1↽ / α↼x1 i1↽ S4 y↼i↽ / i y2↼i1↽ / α↼y1 i1↽ S5 END XDOALL END XDOALL S6 DO num / 1 10 1 DO num1 / 1 10 1 y3 / μ↼y1 y6↽ x3 / μ↼x1 x7↽ i2 / μ↼i1 i4↽ S7 IF ↼15⇁5⇀num▷LE▷30↽ THEN IF ↼15⇁5⇀num1▷LE▷30↽ THEN S8 DO i / 1 15⇁5⇀num 1 DO i3 / 1 15⇁5⇀num1 1 y4 / μ↼y3 y5↽ x4 / μ↼x3 x5↽ S9 y↼i↽ / x↼i⇁↼15⇁5⇀num↽↽ y5↼i3↽ / α↼y4 x4↼i3⇁↼15⇁5⇀num1↽↽↽ S10 x↼i⇁i↽ / x↼i⇁↼15⇁5⇀num↽↽ x5↼i3⇁i3↽ / α↼x4 x4↼i3⇁↼15⇁5⇀num1↽↽↽ S11 ENDDO ENDDO S12 ELSE ELSE S13 XDOALL i / 1 15⇁5⇀num 1 XDOALL i5 / 1 15⇁5⇀num1 1 x8 / μ↼x3 x9↽ S14 x↼14⇁i⇁5⇀num↽ / x9↼14⇁i5⇁5⇀num1↽ / α↼x8 x8↼ x↼↼1↽⇁i↽⇁y↼14⇁i⇁5⇀num↽ ↼1↽⇁i5↽ ⇁y3↼14⇁i5⇁5⇀num1↽↽ S15 END XDOALL END XDOALL S16 ENDIF ENDIF y6 / γ↼15⇁5⇀num1▷LE▷30 y4 y3↽ x6 / γ↼15⇁5⇀num1▷LE▷30 x4 x8↽ i4 / γ↼15⇁5⇀num1▷LE▷30 i3 i5↽ S17 x↼15⇁5⇀num↽ / ↼15⇁5⇀num↽⇁1 x7↼15⇁5⇀num1↽ / α↼x6 ↼15⇁5⇀num1↽⇁1↽ S18 ENDDO ENDDO S19 PRINT ⇀ φPRINT RESULTφ PRINT ⇀ φPRINT RESULTφ S20 DO i / 1 200 1 DO i6 / 1 200 1 S21 PRINT ⇀ x↼i↽ y↼i↽ PRINT ⇀ x3↼i6↽ y3↼i6↽ S22 ENDDO ENDDO S23 STOP STOP S24 END END

Figure 2▷ A program example and its GSA form

array assignment statement▷ The semantics of the α func tion is that a part of the array will take the value for the speciαed subscript while the rest of the array will remain as before▷ This representation maintains the single assignment property for the arrays▷ Figure 2 shows an example program and its GSA form which will be used in this section▷ 2▷2▷ Data structure for array references The data sets propagated during the βow analysis are implemented as sets of data descriptors▷ For each memory reference we associate a data descriptor D which contains the following αelds. ↼1↽ name↼D↽ ↼2↽ subarray↼D↽ and ↼3↽ mark↼D↽▷ The name αeld records the variable name▷ The subarray αeld represents the region of the array that is accessed by the array reference▷ It is initially set to the index expression of the reference representing the array element accessed by the reference▷ When the reference has enclosing loops it represents the array element accessed in a single iteration instance▷ After we aggregate over the iteration space of its enclosing loops the subarray αeld of the reference represents the array region accessed by the reference in the range of the loops▷ The mark αeld is a single bit αeld to mark a descriptor propagated across an epoch boundary and used exclusively for stale reference detection▷ We deαne three binary operations. ↼1↽ union ↼ε∪⇔ ⊕↑⇒⇔ ⇐∈⇒ ⟩\⊔⌉∇∫⌉⌋⊔⟩≀\ ⇐↑∩⇔ ⊗↑⇒⇔ ⊣\⌈ ⇐∋⇒ ⌈⟩{{⌉∇⌉\⌋⌉ ⇐↑↖⇔ ⊖↑⇒ ≀\ ⌈⊣⊔⊣ ⌈⌉∫⌋∇⟩√⊔≀∇∫↙ T⊒≀ ‖⟩\⌈∫ ≀{ ≀√⌉∇⊣⊔≀∇∫ ⊣∇⌉ ⌈⌉⊘\⌉⌈ {≀∇ ⌉⊣⌋⟨ ⌊⟩\⊣∇† ≀√⌉∇⊣⊔⟩≀\↙ ↑∪↑⇔ ↑∩↑⇔ ⊣\⌈ ↑↖↑ ⊣∇⌉ ⌋⊣↕↕⌉⌈ ⇕⊓∫⊔ ≀√⌉∇⊣⊔≀∇∫↙ T⟨⌉† ⊔⊣‖⌉ ⊔⟨⌉ ∫⇕⊣↕↕⌉∫⊔ ∇⌉∫⊓↕⊔ ≀{ ⊓\⟩≀\⇔ ⟩\⊔⌉∇∫⌉⌋⊔⟩≀\⇔ ⊣\⌈ ⌈⟩{{⌉∇⌉\⌋⌉ ⊒⟨⌉\ ⊔⟨⌉† ⊣∇⌉ ⟩\⊑≀↕⊑⌉⌈ ⊒⟩⊔⟨ ⊓\‖\≀⊒\ ∫†⇕⌊≀↕⟩⌋ ⌋≀\∫⊔⊣\⊔∫ ≀∇ ⊒⟨⌉\ ⊒⌉ \⌉⌉⌈ ⊔≀ ⊣√√∇≀§⟩⇕⊣⊔⌉ ⊔⟨⌉ ∇⌉∫⊓↕⊔↙ O\ ⊔⟨⌉ ≀⊔⟨⌉∇ ⟨⊣\⌈⇔ ↑⊕↑⇔ ↑⊗↑⇔ ⊣\⌈ ↑⊖↑ ⊣∇⌉ ⌋⊣↕↕⌉⌈ ⇕⊣† ≀√⌉∇⊣⊔≀∇∫↙ T⟨⌉† ⊣∫∫⊓⇕⌉ ⊔⟨⌉ ↕⊣∇}⌉∫⊔ ∫⌉⊔ {≀∇ ⊔⟨⌉ ∇⌉∫⊓↕⊔ ≀{ ⊔⟨⌉⟩∇ ≀√⌉∇⊣⊔⟩≀\∫↙ B≀⊔⟨ ⊔†√⌉ ≀{ ≀√⌉∇⊣⊔≀∇∫ ⟨⊣⊑⌉ ⊔⟨⌉ ∫⊣⇕⌉ ∫⌉⇕⊣\⊔⟩⌋∫ {≀∇ ∫⌋⊣↕⊣∇ ∇⌉{⌉∇⌉\⌋⌉∫↙ D⌉√⌉\⌈⟩\} ≀\ ⊔⟨⌉ ⊔†√⌉ ≀{ ⊣\⊣↕†∫⟩∫⇔ ≀\⌉ ⊑⌉∇∫⟩≀\ ≀{ ⌉⊣⌋⟨ ⌊⟩\⊣∇† ≀√⌉∇⊣⊔≀∇ ∫⟨≀⊓↕⌈ ⌊⌉ ⊓∫⌉⌈ {≀∇ ∫⊣{⌉ ⊣\⊣↕†∫⟩∫↙ I\ ⊣⌈⌈⟩⊔⟩≀\ ⊔≀ ⊔⟨⌉ ⌊⟩\⊣∇† ≀√⌉∇⊣⊔⟩≀\∫⇔ ≀\⌉ ⊓\⊣∇† ⊣}}∇⌉}⊣⊔⌉ ≀√⌉∇⊣⊔⟩≀\ ⌋⊣↕↕⌉⌈ ⊣}}∇⌉}⊣⊔⌉ ⇐↑ ∫_{outer} inner ε↽ summarizes the re gion spanned by the subarray αeld by aggregating the index expression of the array reference over the iteration space of the enclosing loops▷ The operands inner and outer in the aggregate operator speciαes the range of the enclosing loops▷ When the bounds are omitted the innermost loop and the outermost loop enclosing the reference is used for the range▷ Because we only consider do loops the aggregation is a relatively straightforward interpretation of the index and the boundaries of the loops ♭22♯▷ These operators are called subarray operators and are applied to data descriptors with the same variable name▷ It will generate a single data descriptor of the variable by tak ing the subarray operations on their corresponding subarray αelds▷ Subarray operators are also deαned on descriptors of different variables or sets of data descriptors▷ In this case they perform subarray operations on each pair of the data descriptors of the same variable or perform set operations on the data descriptors of different variables▷ The subarray αeld represented in the GSA form allows us to treat different references to an array as different symbolic variables▷ For example letφs look at the read references to the variable X in statements S9 and S10▷ Since both memory references refer to the same variable with the same index expression we know that both references always re fer to the same element in every iteration of the enclosing loops▷ However if any of the variables in the index expres sion is modiαed between the two statements they may refer to different elements of the variable although both memory references have the same index expressions▷ Since GSA representation automatically renames the variable we can determine whether the two array references are referring to the same element of X by comparing their index expres sions▷ Similarly by representing the subarray αelds in the GSA form we can perform subarray operations involving symbolic loop bounds▷

Figure 3▷ Epoch βow graph for the program example▷

3▷ Algorithms

3▷1▷ Stale reference detection

The algorithm for stale reference detection is an improved version of the algorithm shown in ♭9♯▷ We reαne the algo rithm both to accommodate multiword cache blocks as well as to reαne analysis for array regions▷

Deαnition. potentially stale A read reference u of a vari able v in statement S1 is potentially stale if there is a directed path in the epoch βow graph from a deαnition d of variable v in statement S2 to S1 including at least one scheduling edge▷ When a deαnition reaches a read reference across at least one scheduling edge there should exist the stale reference sequence ↼a↽ to ↼c↽ and the read reference to v should be marked as potential stale▷ We call it potentially stale since it may or may not lead to a stale reference at runtime▷

Algorithm 3▷1. Stale Reference Detection Input. DEF↼S↽ and USE↼S↽ for each statement S Output. STALE↼S↽ for each statement S Begin for each statement S do IN↼S↽ ← ϕ, reset mark bits for all the deαnitions in DEF↼S↽, OUT↼S↽ ← DEF⇐S⇒∅ STALE⇐S⇒ ← ϕ, end for while changes to OUT↼S↽ occur for any statement S do for each statement S do for each incoming edge p and predecessor P of S do if p is a scheduling edge mark all the deαnitions in OUT↼P↽, IN↼S↽ ← IN⇐S⇒ ⊕ OUT⇐P⇒∅ ⌉\⌈ {≀∇ {≀∇ ⌉⊣⌋⟨ ⊓∫⌉ ⊓ ≀{ ⊑⊣∇⟩⊣⌊↕⌉ ⊑ ⟩\ USE⇐S⇒ ⌈≀ {≀∇ ⌉⊣⌋⟨ ⇕⊣∇‖⌉⌈ ⌈⌉⊘\⟩⊔⟩≀\ ⌈ ≀{ ⊑⊣∇⟩⊣⌊↕⌉ ⊑ ⟩\ IN⇐S⇒ ⌈≀ ⟩{ ⇐∫⊓⌊⊣∇∇⊣†⇐⊓⇒ ⊗ ∫⊓⌊⊣∇∇⊣†⇐⌈⇒⇒ ≠ ϕ then subarray↼u↽ ← ∫⊓⌊⊣∇∇⊣†⇐⊓⇒ ⊗ ∫⊓⌊⊣∇∇⊣†⇐⌈⇒∅ STALE⇐S⇒ ← STALE⇐S⇒ ⊕ {⊓} ⊒⟨⌉∇⌉ ⌉\⌈ ⟩{ ⌉\⌈ {≀∇ ⌉\⌈ {≀∇ OUT⇐S⇒ ← OUT⇐S⇒ ⊕ IN⇐S⇒∅ ⌉\⌈ {≀∇ ⌉\⌈ ⊒⟨⟩↕⌉ E\⌈

F⟩}⊓∇⌉ △↙ F↕≀⊒ ⊣\⊣↕†∫⟩∫ ⊣↕}≀∇⟩⊔⟨⇕ {≀∇ ∫⊔⊣↕⌉ ∇⌉{↖ ⌉∇⌉\⌋⌉ ⌈⌉⊔⌉⌋⊔⟩≀\↙ T⟨⌉ USE⇐S⇒ ⊓∫⌉⌈ ⟩\ ⊔⟨⌉ ⊣↕↖ }≀∇⟩⊔⟨⇕ ⌋⊣\ ⌊⌉ ∇⌉√↕⊣⌋⌉⌈ ⌊† TARGET⇐S⇒ ⊣{⊔⌉∇ ⊔⟨⌉ ⊔⊣∇}⌉⊔ ∇⌉{⌉∇⌉\⌋⌉ ⌈⌉⊔⌉⌋⊔⟩≀\↙

F≀∇ ⌉⊣⌋⟨ ∫⊔⊣⊔⌉⇕⌉\⊔ S⇔ ⊒⌉ ⌈⌉⊘\⌉ ⊔⟨⌉ {≀↕↕≀⊒⟩\} ∫⌉⊔∫↙ ∞ • DEF (S)_{mark} is a set of deαnitions generated by S▷ Since all the deαnitions created in S are assigned the same mark the mark αeld can be denoted collectively for S as DEF (S) mark ▷ • IN⇐S⇒ ⟩∫ ⊣ ∫⌉⊔ ≀{ ⌈⌉⊘\⟩⊔⟩≀\∫ ∇⌉⊣⌋⟨⟩\} ⊔⟨⌉ ⌊⌉}⟩\\⟩\} ≀{ S⇔ IN^0(S) = ⨁ P OU T^0(P) where P is a predecessor of S. • OUT⇐S⇒ ⟩∫ ⊣ ∫⌉⊔ ≀{ ⌈⌉⊘\⟩⊔⟩≀\∫ ∇⌉⊣⌋⟨⟩\} ⊔⟨⌉ ⌉\⌈ ≀{ S⇔ OU T (S) = IN (S) ⊕ DEF (S)_{unmarked}▷ • STALE⇐S⇒ ⟩∫ ⊣ ∫⊓⌊∫⌉⊔ ≀{ U SE(S) where there exists a deffnition reaching at the beginning of S across epoch boundaries, ST ALE(S) = {⊓∫⌉ ⊓ ≀{ ⊔⟨⌉ ⊑⊣∇⟩⊣⌊↕⌉ ⊑¬ ⊓ ∈ U SE(S) and ∃ ⊣ ⇕⊣∇‖⌉⌈ ⌈⌉⊘\⟩⊔⟩≀\ ⌈ ≀{ ⊔⟨⌉ ⊑⊣∇⟩⊣⌊↕⌉ ⊑ ⟩\ IN⇐S⇒ ⊒⟨⌉∇⌉ ⇐∫⊓⌊⊣∇∇⊣†⇐⊓⇒ ⊗ ∫⊓⌊⊣∇∇⊣†⇐⌈⇒⇒ ≠ ϕ }↙ F⟩}⊓∇⌉ △ ∫⟨≀⊒∫ ⊔⟨⌉ ⌈⌉⊔⊣⟩↕ ⊣↕}≀∇⟩⊔⟨⇕ {≀∇ ⊔⟨⌉ ∫⊔⊣↕⌉ ∇⌉{⌉∇↖ ⌉\⌋⌉ ⌈⌉⊔⌉⌋⊔⟩≀\↙ B⌉⌋⊣⊓∫⌉ ⊔⟨⌉ ⌉√≀⌋⟨ ⌊≀⊓\⌈⊣∇† ⟩\{≀∇⇕⊣⊔⟩≀\ ⟩∫ ⌉∫∫⌉\⊔⟩⊣↕ ⟩\ ⟩⌈⌉\⊔⟩{†⟩\} √≀⊔⌉\⊔⟩⊣↕ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉∫⇔ ⊒⌉ ⟩\↖ ⌋↕⊓⌈⌉ √⊣∇⊣↕↕⌉↕ ⌋≀\∫⊔∇⊓⌋⊔∫ ⟩\ ≀⊓∇ ⌋≀\⊔∇≀↕ ⊙≀⊒ }∇⊣√⟨⇔ ⌋⊣↕↕⌉⌈ ⊔⟨⌉ ∞B⌉⌋⊣⊓∫⌉ ≀{ ⊔⟨⌉ √∇≀⌋⌉∫∫≀∇ ∇⌉⊣∫∫⟩}\⇕⌉\⊔∫ ⊣⊔ ⌉⊣⌋⟨ ⌉√≀⌋⟨ ⌊≀⊓\⌈⊣∇†⇔ ⊣ ⌈⌉⊘\⟩⊔⟩≀\ ⟩\ ⊣\ ⌉√≀⌋⟨ ⌋⊣\ ∇⌉⊣⌋⟨ ⊣\† {≀↕↕≀⊒⟩\} ⌉√≀⌋⟨ ⊒⟩⊔⟨≀⊓⊔ ⌊⌉⟩\} ‖⟩↕↕⌉⌈↙ T⟨⌉∇⌉{≀∇⌉⇔ ⊔⟨⌉ \≀⊔⟩≀\ ≀{ ‖⟩↕↕ ⊓∫⌉⌈ ⟩\ ⊔⟨⌉ ⊔∇⊣⌈⟩⊔⟩≀\⊣↕ ∇⌉⊣⌋⟨⟩\} ⌈⌉⊘\⟩⊔⟩≀\ ⊣↕}≀∇⟩⊔⟨⇕ ⟩∫ \≀ ↕≀\}⌉∇ ⊑⊣↕⟩⌈↙

R⌉⊓∫⌉ D⌉∫⌋∇⟩√⊔⟩≀\ L≀⌋⊣↕⟩⊔† P∇⌉∫⌉∇⊑⟩\} A\⊣↕†∫⟩∫ ∫⌉↕{↖⊔⌉⇕√≀∇⊣↕ ⊣ ∇⌉{⌉∇⌉\⌋⌉ ⟩\ ⊣ ↕≀≀√ ⊣⌋⌋⌉∫∫⌉∫ ⊔⟨⌉ ∫⊣⇕⌉ ↕≀⌋⊣⊔⟩≀\ ⟩\ ⌈⟩{{⌉∇⌉\⊔ ⟩⊔⌉∇⊣⊔⟩≀\∫ }⊓⊣∇⌈⌉⌈ ∫⌉↕{↖∫√⊣⊔⟩⊣↕ ⊣ ∇⌉{⌉∇⌉\⌋⌉ ⟩\ ⊣ ↕≀≀√ ⊣⌋⌋⌉∫∫⌉∫ ⊔⟨⌉ ⌉§⌉⌋⊓⊔⟩≀\ ∫⊣⇕⌉ ⌋⊣⌋⟨⌉ ↕⟩\⌉ ⟩\ ⌈⟩{{⌉∇⌉\⊔ ⟩⊔⌉∇⊣⊔⟩≀\∫ }∇≀⊓√↖⊔⌉⇕√≀∇⊣↕ ⌈⟩{{⌉∇⌉\⊔ ∇⌉{⌉∇⌉\⌋⌉∫ ⊣⌋⌋⌉∫∫ ⊔⟨⌉ ∫⊣⇕⌉ ↕≀⌋⊣⊔⟩≀\ ⊓√⊒⊣∇⌈↕†↖ }∇≀⊓√↖∫√⊣⊔⟩⊣↕ ⌈⟩{{⌉∇⌉\⊔ ∇⌉{⌉∇⌉\⌋⌉∫ ⊣⌋⌋⌉∫∫ ⊔⟨⌉ ⌉§√≀∫⌉⌈ ∫⊣⇕⌉ ⌋⊣⌋⟨⌉ ↕⟩\⌉ ⊓∫⌉∫

F⟩}⊓∇⌉ ▽↙ R⌉⊓∫⌉∫ ⊣\⌈ ⌋≀∇∇⌉∫√≀\⌈⟩\} ↕≀⌋⊣↕⟩⊔† √∇⌉∫⌉∇⊑⟩\} ⊣\⊣↕†∫⟩∫ ⊔⌉⌋⟨\⟩∐⊓⌉∫↙

⌉√≀⌋⟨ ⊙≀⊒ }∇⊣√⟨∪∃⊎↙ F⟩}⊓∇⌉ ∋ ∫⟨≀⊒∫ ⊔⟨⌉ ⌉√≀⌋⟨ ⊙≀⊒ }∇⊣√⟨ ⊣\⌈ STALE⇐S⇒ ⌋≀⇕√⊓⊔⌉⌈ ⌊† ⊔⟨⌉ ⊣↕}≀∇⟩⊔⟨⇕ {≀∇ ⊔⟨⌉ √∇≀}∇⊣⇕ ⌉§⊣⇕√↕⌉ ⟩\ F⟩}⊓∇⌉ ∈↙ ∋↙∈↙ L≀⌋⊣↕⟩⊔† P∇⌉∫⌉∇⊑⟩\} ⊣\⊣↕†∫⟩∫ N≀⊔ ⊣↕↕ ⊔⟨⌉ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉ √⊣⊔⊔⌉∇\∫ ↕⌉⊣⌈ ⊔≀ ⊣ ∫⊔⊣↕⌉ ∇⌉{⌉∇↖ ⌉\⌋⌉ ⊣⊔ ∇⊓\⊔⟩⇕⌉↙ S⟩\⌋⌉ ⌉⊣⌋⟨ √≀⊔⌉\⊔⟩⊣↕ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉ ⟩⇕√↕⟩⌉∫ ⊣ ∇⌉⇕≀⊔⌉ ⇕⌉⇕≀∇† ⊣⌋⌋⌉∫∫ ⟩\∫⊔⌉⊣⌈ ≀{ ⊣ ⌋⊣⌋⟨⌉ ⟨⟩⊔⇔ ⊒⌉ ∫⟨≀⊓↕⌈ ⇕⟩\⟩⇕⟩‡⌉ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ √≀⊔⌉\⊔⟩⊣↕ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉∫ ⇕⊣∇‖⌉⌈ ⊣⊔ ⌋≀⇕√⟩↕⌉ ⊔⟩⇕⌉ ⌊† ⊓⊔⟩↕⟩‡⟩\} ⌊≀⊔⟨ ⊔⟨⌉ ⊔⌉⇕√≀∇⊣↕ ⊣\⌈ ∫√⊣⊔⟩⊣↕ ↕≀↖ ⌋⊣↕⟩⊔† ⟩\ ⊣ √∇≀}∇⊣⇕ ⊣∫ ⇕⊓⌋⟨ ⊣∫ √≀∫∫⟩⌊↕⌉↙ W≀↕{ ∪∈△⊎ ⌈⟩∫⌋⊓∫∫⌉⌈ △ ⌈⟩{{⌉∇⌉\⊔ ⊔†√⌉∫ ≀{ ∇⌉⊓∫⌉∫ ⟩\ ⊣ ↕≀≀√ ⊣∫ ∫⟨≀⊒\ ⟩\ T⊣⌊↕⌉ ▽↙ N≀⊔⌉ ⊔⟨⊣⊔ ⊔⟨⌉ ∫⌉↕{ ∇⌉⊓∫⌉∫ ⊣∇⌉ ⟩\⟨⌉∇⌉\⊔↕† ↕≀≀√↖∫√⌉⌋⟩⊘⌋ ⊒⟨⟩↕⌉ }∇≀⊓√ ∇⌉⊓∫⌉∫ ⊣∇⌉ \≀⊔↙ S⟩\⌋⌉ ⊒⌉ {⊓∇⊔⟨⌉∇ ⊒⊣\⊔ ⊔≀ ⊔⊣‖⌉ ⊣⌈⊑⊣\↖ ⊔⊣}⌉ ≀{ ∇⌉⊓∫⌉ ⟩\ ⊣\ ⌉√≀⌋⟨⇔ ⊒⌉ ⌉§⊔⌉\⌈ ⊔⟨⌉ ∇⊣\}⌉ ≀{ }∇≀⊓√ ∇⌉⊓∫⌉∫ ⌊⌉†≀\⌈ ⊣ ↕≀≀√ \⌉∫⊔↙ W⌉ ⊓∫⌉ ⊔⊒≀ ⊔⌉⌋⟨\⟩∐⊓⌉∫ ⊔≀ ⌉§√↕≀⟩⊔ ⊔⟨⌉ ↕≀⌋⊣↕⟩⊔†¬ ⊓√⊒⊣∇⌈↕† ⌉§√≀∫⌉⌈ ⊓∫⌉ {≀∇ }∇≀⊓√ ∇⌉⊓∫⌉∫ ⊣\⌈ }⊓⊣∇⌈⌉⌈ ⌉§⌉⌋⊓⊔⟩≀\ {≀∇ ∫⌉↕{ ∇⌉⊓∫⌉∫↙ U√⊒⊣∇⌈↕† ⌉§√≀∫⌉⌈ ⊓∫⌉ A\ ⊓√⊒⊣∇⌈↕†↖⌉§√≀∫⌉⌈ ⊓∫⌉ ≀{ ⊣ ⊑⊣∇⟩⊣⌊↕⌉ ⟩\ ⊣ ⌊↕≀⌋‖ B ⟩∫ ⊣ ⊓∫⌉ ⊒⟨⟩⌋⟨ ⟩∫ \≀⊔ √∇⌉⌋⌉⌈⌉⌈ ⌊† ⊣\† √∇⌉⊑⟩≀⊓∫ ⌈⌉⊘\⟩⊔⟩≀\ ≀{ ⊔⟨⌉ ∫⊣⇕⌉ ⊑⊣∇⟩⊣⌊↕⌉ ⟩\ B↙ D⌉⊘\⟩⊔⟩≀\ ¬ ⊔⊣∇}⌉⊔ ∇⌉{⌉∇⌉\⌋⌉ T⟨⌉ ⊘∇∫⊔ ≀⌋⌋⊓∇∇⌉\⌋⌉ ≀{ ⊔⟨⌉ ⊓√⊒⊣∇⌈↕†↖⌉§√≀∫⌉⌈ ⊓∫⌉∫ ≀{ ⊣ ⊑⊣∇⟩⊣⌊↕⌉ ⟩\ ⊣\ ⌉√≀⌋⟨ ⟩∫ ⌋⊣↕↕⌉⌈ ⊣ ⊔⊣∇}⌉⊔ ∇⌉{⌉∇⌉\⌋⌉↙ N≀⊔⌉ ⊔⟨⊣⊔ ≀\↕† ⊔⟨⌉ ⊔⊣∇}⌉⊔ ∇⌉{⌉∇⌉\⌋⌉ ⌋⊣\ ⌊⌉ ⊣ √≀⊔⌉\⊔⟩⊣↕ ∫⊔⊣↕⌉ ⊣⌋⌋⌉∫∫↙ T⟨⌉ {≀↕↕≀⊒⟩\} ∇⌉{⌉∇⌉\⌋⌉∫ ⟩\ ⊔⟨⌉ ∫⊣⇕⌉ ⌉√≀⌋⟨ ⊒⟩↕↕ \≀⊔ ⌊⌉ ∫⊔⊣↕⌉ ⌊⌉⌋⊣⊓∫⌉ ⊔⟨⌉ ⌋⊣⌋⟨⌉ ⌋≀√† ⊒⟩↕↕ ⟨⊣⊑⌉ ⌊⌉⌉\ ⇕⊣⌈⌉ ⊓√↖⊔≀↖⌈⊣⊔⌉ ⌊† ⊔⟨⌉ ⊔⊣∇}⌉⊔ ∇⌉{⌉∇⌉\⌋⌉ ⟩{ ⟩⊔ ⊒⊣∫ ∫⊔⊣↕⌉↙ T⟨⌉∇⌉{≀∇⌉⇔ ⊔⟨⌉∫⌉ ∇⌉{⌉∇⌉\⌋⌉∫ ⌋⊣\ ⌊⌉ ⇕⊣∇‖⌉⌈ ⊣∫ ∇⌉}⊓↕⊣∇ ∇⌉⊣⌈∫ ≀∇ ⊒∇⟩⊔⌉∫↙ I\ ≀⊓∇ ⊣\⊣↕†∫⟩∫⇔ ⊒⌉ ⊣∇⌉ ⟩\⊔⌉∇⌉∫⊔⌉⌈ ⟩\ ⊘\⌈⟩\} ≀\↕† ⊔⟨⌉ ⊘∇∫⊔ ≀⌋⌋⊓∇∇⌉\⌋⌉ ≀{ ⊔⟨⌉ ⊓√⊒⊣∇⌈↕†↖⌉§√≀∫⌉⌈ ⊓∫⌉∫↙ T≀ ∫⟩⇕√↕⟩{† ⊔⟨⌉ ⌈⟩∫⌋⊓∫∫⟩≀\⇔ ⊒⌉ ∫⟩⇕√↕† ∇⌉{⌉∇ ⊔⟨⌉ ⊘∇∫⊔ ≀⌋⌋⊓∇∇⌉\⌋⌉ ≀{ ⊔⟨⌉ ⊓√⊒⊣∇⌈↕†↖⌉§√≀∫⌉⌈ ⊓∫⌉∫ ⊣∫ ⊣\ ⊓√⊒⊣∇⌈↕†↖⌉§√≀∫⌉⌈ ⊓∫⌉↙ A ∇⌉⊣⌈ {≀↕↕≀⊒⟩\} ⊔⟨⌉ ⊘∇∫⊔ ∇⌉⊣⌈ ⊒⟩↕↕ \≀⊔ ⌊⌉ ⇕⊣∇‖⌉⌈ ⊣∫ ⊣\ ⊓√⊒⊣∇⌈↕† ⌉§√≀∫⌉⌈ ⊓∫⌉ ⟩\ ≀⊓∇ ⊣\⊣↕†∫⟩∫↙ T⟨⌉ ⌈⌉⊔⌉⌋⊔⟩≀\ ≀{ ⊓√⊒⊣∇⌈↕†

⌉§√≀∫⌉⌈ ⊓∫⌉∫ ≀{ ⊣ ∫⌋⊣↕⊣∇ ⊑⊣∇⟩⊣⌊↕⌉ ⌋⊣\ ⌊⌉ ⌈≀\⌉ √∇⌉⌋⟩∫⌉↕† ⊓∫⟩\} ⊔⟨⌉ ⊑⊣∇⟩⊣⌊↕⌉ \⊣⇕⌉∫↙ H≀⊒⌉⊑⌉∇⇔ {≀∇ ⊣∇∇⊣† ⊑⊣∇⟩⊣⌊↕⌉∫⇔ ⊣ ∇⌉{⌉∇⌉\⌋⌉ ⊔≀ ⊣\ ⊣∇∇⊣† ⇕⊣† \≀⊔ ⊣⌋⌋⌉∫∫ ⊔⟨⌉ ∫⊣⇕⌉ ∇⌉}⟩≀\ ⊣∫ ⊔⟨⌉ ≀\⌉ ⊣⌋⌋⌉∫∫⌉⌈ ⌊† ⊣ √∇⌉⌋⌉⌈⟩\} ∇⌉{⌉∇⌉\⌋⌉ ⊔≀ ⊔⟨⌉ ∫⊣⇕⌉ ⊑⊣∇⟩⊣⌊↕⌉↙ H⌉\⌋⌉⇔ ⌊≀⊔⟨ ∇⌉{⌉∇⌉\⌋⌉∫ ⇕⊣† ⟨⊣⊑⌉ ∫≀⇕⌉ ⊓√⊒⊣∇⌈↕†↖⌉§√≀∫⌉⌈ ⊓∫⌉∫ ⟩\ √⊣∇⊔ ≀{ ⊔⟨⌉⟩∇ ⊣⌋⌋⌉∫∫ ∇⌉}⟩≀\∫↙ I\ ∫⊓⌋⟨ ⊣ ⌋⊣∫⌉⇔ ⌊≀⊔⟨ ⊣∇∇⊣† ∇⌉{⌉∇⌉\⌋⌉∫ ∫⟨≀⊓↕⌈ ⌊⌉ ⇕⊣∇‖⌉⌈ ⊣∫ ⟨⊣⊑⟩\} ⊓√⊒⊣∇⌈↕†↖⌉§√≀∫⌉⌈ ⊓∫⌉∫↙ F≀∇ ⊔⟨≀∫⌉ √⊣∇⊔⟩⊣↕↕† ⊓√⊒⊣∇⌈↕†↖⌉§√≀∫⌉⌈ ∇⌉{⌉∇⌉\⌋⌉∫⇔ ⊒⌉ ‖⌉⌉√ ≀\↕† ⊔⟨⌉ ∇⌉}⟩≀\ ≀{ ⊔⟨⌉ ⊣∇∇⊣† ⊔⟨⊣⊔ ⟩∫ ⊣⌋⊔⊓⊣↕↕† ⊓√⊒⊣∇⌈↕†↖ ⌉§√≀∫⌉⌈ ⊣\⌈ ⊓∫⌉ ⊔⟨⌉ ∫⊓⌊⊣∇∇⊣† ⟩\{≀∇⇕⊣⊔⟩≀\ {≀∇ ↕⊣⊔⌉∇ ⊣\⊣↕†∫⟩∫↙ F⟩}⊓∇⌉ ̸∫⟨≀⊒∫ ⊔⟨⌉ ⇕⊣∇‖⟩\} ⊣↕}≀∇⟩⊔⟨⇕ {≀∇ ⊓√⊒⊣∇⌈↕†↖⌉§√≀∫⌉⌈ ⊓∫⌉∫↙ T≀ √⌉∇{≀∇⇕ ⊔⟨⟩∫ ⊣\⊣↕†∫⟩∫⇔ ⊒⌉ ⌋≀⇕√⊓⊔⌉ ⊔⟨⌉ {≀↕↕≀⊒⟩\} ⌈⊣⊔⊣ ∫⌉⊔∫ {∇≀⇕ DEF ⊣\⌈ USE ∫⌉⊔∫ ≀{ ⌉⊣⌋⟨ ∫⊔⊣⊔⌉⇕⌉\⊔↙ • ACCESS IN⇐S⇒ ⟩∫ ⊣ ∫⌉⊔ ≀{ ⌈⊣⊔⊣ ⌈⌉∫⌋∇⟩√⊔≀∇∫ ⊔⟨⊣⊔ ⊣∇⌉ ⊓\⌋≀\⌈⟩⊔⟩≀\⊣↕↕† ⊣⌋⌋⌉∫∫⌉⌈ ⊣⊔ ⊔⟨⌉ ⌊⌉}⟩\\⟩\} ≀{ S⇔ AC↖ CESS IN⇐S⇒ ℑ ⋂ predecessor P ACCESS OUT↼P↽▷ • ACCESS OUT⇐S⇒ ⟩∫ ⊣ ∫⌉⊔ ≀{ ⌈⊣⊔⊣ ⌈⌉∫⌋∇⟩√⊔≀∇∫ ⊔⟨⊣⊔ ⊣∇⌉ ⊓\⌋≀\⌈⟩⊔⟩≀\⊣↕↕† ⊣⌋⌋⌉∫∫⌉⌈ ⊣⊔ ⊔⟨⌉ ⌉\⌈ ≀{ S⇔ AC↖ CESS OUT⇐S⇒ ℑ ACCESS IN (S) ∪ DEF (S) ∪ U SE(S). ACCESS IN(S) denotes all the scalar variables and the subarrays that are referenced unconditionally before reaching the statement S. When there is more than one edge en- tering the statement S, we use ”∩ ⊣∫ ⊔⟨⌉ ⌋≀\⊙⊓⌉\⌋⌉ ≀√⌉∇⊣⊔≀∇ ⊔≀ ⌋≀⇕√⊓⊔⌉ ACCESS IN⇐S⇒ ∫⟩\⌋⌉ ⊣ ∇⌉{⌉∇⌉\⌋⌉ ⊔≀ ⊣ ⊑⊣∇⟩⊣⌊↕⌉ ⌊⌉↕≀\}∫ ⊔≀ ACCESS IN⇐S⇒ ≀\↕† ⊒⟨⌉\ ⌉⊑⌉∇† √∇⌉⌈⌉⌋⌉∫∫≀∇ ≀{ S ⌋≀\⊔⊣⟩\∫ ⊔⟨⌉ ∇⌉{⌉∇⌉\⌋⌉ ⊔≀ ⊔⟨⌉ ⊑⊣∇⟩⊣⌊↕⌉↙ N≀⊔⌉ ⊔⟨⊣⊔ ⊒⌉ ⊓∫⌉ ⇕⊓∫⊔ ≀√⌉∇⊣⊔≀∇∫ ⊔≀ ⌋≀⇕√⊓⊔⌉ ⇕⟩\⟩⇕⊣↕ ∫⌉⊔∫↙ T≀ ⌈⌉⊔⌉∇⇕⟩\⌉ ⊓√⊒⊣∇⌈↕†↖⌉§√≀∫⌉⌈ ⊓∫⌉∫⇔ ⊒⌉ ∫⟨≀⊓↕⌈ \≀⊔ √∇≀√⊣}⊣⊔⌉ ⊔⟨⌉ ⌈⊣⊔⊣ ∫⌉⊔∫ ⊔⟨∇≀⊓}⟨ ⌊⊣⌋‖ ⌉⌈}⌉∫ ∫⟩\⌋⌉ ⌉⊑⌉∇† ∇⌉{↖ ⌉∇⌉\⌋⌉ ⟩\ ⊣ ⌋†⌋↕⌉ ⟩∫ ⌋≀⊑⌉∇⌉⌈ ⌊† ⟩⊔∫⌉↕{↙ I\ }⌉\⌉∇⊣↕⇔ ⊔⟨⌉ ∫⌉⊔ ≀{ ⊑⊣↕⊓⌉∫ ⊣∇⌉ √∇≀√⊣}⊣⊔⌉⌈ ≀\↕† ⊔⟨∇≀⊓}⟨ {≀∇⊒⊣∇⌈ ⌉⌈}⌉∫↙ A ⌊†√⊣∫∫ ⌉⌈}⌉ {∇≀⇕ ⊔⟨⌉ ⌉\⌈ ≀{ DO ↕≀≀√ ⊔≀ ⊔⟨⌉ \⌉§⊔ ∫⊔⊣⊔⌉⇕⌉\⊔ {≀↕↕≀⊒⟩\} ⊔⟨⌉ ↕≀≀√ ⟩∫ ⌋∇⌉⊣⊔⌉⌈ ⊔≀ √∇≀√⊣}⊣⊔⌉ ⊔⟨⌉ ⊑⊣↕⊓⌉∫ {∇≀⇕ ⊔⟨⌉ ENDDO ∫⊔⊣⊔⌉⇕⌉\⊔ ⊔≀ ⊔⟨⌉ ≀⊓⊔∫⟩⌈⌉ ≀{ ⊔⟨⌉ DO ↕≀≀√↙ W⟨⌉\ ⊔⟨⌉ ENDDO ∫⊔⊣⊔⌉⇕⌉\⊔ ⟩∫ ⌉\⌋≀⊓\⊔⌉∇⌉⌈⇔ ⊔⟨⌉ ⊣∇∇⊣† ∇⌉{⌉∇⌉\⌋⌉∫ ⟩\∫⟩⌈⌉ ⊔⟨⌉ ↕≀≀√ ⊣∇⌉ ⊣}}∇⌉}⊣⊔⌉⌈ ≀⊑⌉∇ ⊔⟨⌉ ⟩⊔⌉∇⊣⊔⟩≀\ ∫√⊣⌋⌉ ≀{ ⊔⟨⌉ DO ↕≀≀√↙ T⟨⌉ ⌈⌉⊔⌉⌋⊔⟩≀\ ≀{ ⊓√⊒⊣∇⌈↕†↖⌉§√≀∫⌉⌈ ⊓∫⌉∫ ⌋⊣\ ⌊⌉ ⌈≀\⌉ ⟩\ ⊣ ∫⟩\}↕⌉ √⊣∫∫ ≀⊑⌉∇ ⊔⟨⌉ ⌉√≀⌋⟨ ⊙≀⊒ }∇⊣√⟨↙ A ⊓∫⌉ R ≀{ ⊣ ∫⌋⊣↕⊣∇ ⊑⊣∇⟩⊣⌊↕⌉ ⟩\ S ⟩∫ ⇕⊣∇‖⌉⌈ ⊣∫ ⊓√⊒⊣∇⌈↕† ⌉§√≀∫⌉⌈ ⟩{ ⊔⟨⌉ ⊑⊣∇⟩⊣⌊↕⌉ ⟩∫ \≀⊔ ⟩\⌋↕⊓⌈⌉⌈ ⟩\ ACCESS IN⇐S⇒↙ F≀∇ ⊣\ ⊣∇∇⊣† ∇⌉{⌉∇⌉\⌋⌉⇔ ⊒⌉ ⊓∫⌉ ⊔⟨⌉ ⊣}}∇⌉}⊣⊔⌉ ⟩\{≀∇⇕⊣⊔⟩≀\ ⊔≀ ⌈⌉⊔⌉∇⇕⟩\⌉ ⊒⟨⌉⊔⟨⌉∇ ⊔⟨⌉ ∇⌉}⟩≀\ ∇⌉{⌉∇⌉\⌋⌉⌈ ⌊† ⊔⟨⌉ ⊓∫⌉ R ⟨⊣∫ ⊣↕↕ ⌊⌉⌉\ ∇⌉{⌉∇⌉\⌋⌉⌈ ⊣↕∇⌉⊣⌈† ⌊† ⊔⟨⌉ √∇⌉⊑⟩≀⊓∫ ∇⌉{⌉∇⌉\⌋⌉∫ ⊔≀ ⊔⟨⌉ ⊣∇∇⊣†↙ T⟨⟩∫ ⌋⊣\ ⌊⌉ √⌉∇{≀∇⇕⌉⌈ ⌊† ⌋⟨⌉⌋‖⟩\} ⊔⟨⌉ ⌋≀\⌈⟩↖ ⊔⟩≀\⇔ ∫⊓⌊⊣∇∇⊣†⇐R⇒ ≤ ∫⊓⌊⊣∇∇⊣†⇐ACCESS IN⇐S⇒⇒↙ T≀ √⌉∇{≀∇⇕ ⊔⟨⟩∫ ⊣\⊣↕†∫⟩∫⇔ ⊒⌉ \⌉⌉⌈ ⊔≀ √⌉∇{≀∇⇕ ⊣}}∇⌉}⊣⊔⟩≀\ {≀∇ ⊣∇∇⊣† ∇⌉{↖ ⌉∇⌉\⌋⌉∫ ⟩\ ⊔⟨⌉ ⌈⊣⊔⊣ ∫⌉⊔∫ ACCESS IN ⊣\⌈ ACCESS OUT ⌈⊓∇⟩\} ⊔⟨⌉ ⊙≀⊒ ⊣\⊣↕†∫⟩∫↙ I\⟩⊔⟩⊣↕↕†⇔ ⊣↕↕ ⊔⟨⌉ ∫⊓⌊⊣∇∇⊣† ⊘⌉↕⌈∫ ⟩\ ACCESS OUT⇐S⇒ ⊣∇⌉ ⟩\⟩⊔⟩⊣↕⟩‡⌉⌈ ⊔≀ ⊔⟨⌉ ⟩\⌈⌉§ ⌉§√∇⌉∫∫⟩≀\∫ ≀{ ⊔⟨⌉ ⊣∇∇⊣† ∇⌉{⌉∇⌉\⌋⌉∫↙ W⟨⌉\ ⊒⌉ ⊘\⟩∫⟨ ⊣ ↕≀≀√⇔ ⊒⌉ ∫⊓⇕⇕⊣∇⟩‡⌉

A↕}≀∇⟩⊔⟨⇕ ∋↙∈¬ T⊣∇}⌉⊔ R⌉{⌉∇⌉\⌋⌉ M⊣∇‖⟩\} I\√⊓⊔¬ E√≀⌋⟨ ⊙≀⊒ }∇⊣√⟨ G⇔ DEF⇐S⇒⇔ ⊣\⌈ USE⇐S⇒ O⊓⊔√⊓⊔¬ TARGET⇐S⇒ P∇≀⌋⌉⌈⊓∇⌉ ⟩\⟩⊔⟩⊣↕⟩‡⌉ {≀∇ ⌉⊣⌋⟨ ∫⊔⊣⊔⌉⇕⌉\⊔ S ⌈≀ ACCESS IN⇐S⇒ ← ϕ, ACCESS OUT↼S↽ ← DEF⇐S⇒ ∪ USE⇐S⇒∅ ⟩\⟩⊔⟩⊣↕⟩‡⌉ ∫⊓⌊⊣∇∇⊣† ⊘⌉↕⌈∫ ⟩\ ACCESS OUT⇐S⇒ ⊔≀ ⟩\⌈⌉§ ⌉§√∇⌉∫∫⟩≀\ {≀∇ ⊣∇∇⊣† ∇⌉{⌉∇⌉\⌋⌉∫∅ TARGET⇐S⇒ ← ϕ, end for Begin call initialize, while changes to ACCESS OUT↼S↽ occur for any statement S do for each statement S do if there exits an incoming scheduling edge call initialize, ◁⇀ skip the propagation and reinitialize ⇀◁ ACCESS IN↼S↽ ← ⋂ predecessor P ACCESS OUT↼P↽, ACCESS OUT↼S↽ ← ACCESS OUT⇐S⇒ ∪ ACCESS IN⇐S⇒∅ {≀∇ ⌉⊣⌋⟨ ⊓√⊒⊣∇⌈↕†↖⌉§√≀∫⌉⌈ ∇⌉⊣⌈ ∇⌉{⌉∇⌉\⌋⌉ R ⟩\ S ⌈≀ ⟩{ R ⟩∫ ⊣ ∫⌋⊣↕⊣∇ ∇⌉{⌉∇⌉\⌋⌉ ⊔⟨⌉\ ⟩{ →⇐R ⊆ ACCESS IN⇐S⇒⇒ ⊔⟨⌉\ TARGET⇐S⇒ ← TARGET⇐S⇒ ∪ R∅ ⌉↕∫⌉ ∝⇑ {≀∇ ⊣∇∇⊣† ∇⌉{⌉∇⌉\⌋⌉∫ ⇑∝ ⟩{ ⇐⇐∫⊓⌊⊣∇∇⊣†⇐R⇒ ⊖ ∫⊓⌊⊣∇∇⊣†⇐ACCESS IN⇐S⇒⇒ →ℑ ϕ↽ then subarray↼R↽ ← ∫⊓⌊⊣∇∇⊣†⇐R⇒ ⊖ ∫⊓⌊⊣∇∇⊣†⇐ACCESS IN⇐E⇒⇒⇒ ∅ TARGET⇐S⇒ ← TARGET⇐S⇒ ⊕ R∅ ⌉\⌈ ⟩{ ⌉\⌈ ⟩{ ⌉\⌈ {≀∇ ⟩{ ⇐S ℑℑ ENDDO ∫⊔⊣⊔⌉⇕⌉\⊔⇒ {≀∇ ⌉⊣⌋⟨ ⊣∇∇⊣† ∇⌉{⌉∇⌉\⌋⌉ R ⟩\ ACCESS OUT⇐S⇒ ⊔⟨⊣⊔ ⊣∇⌉ ⟩\∫⟩⌈⌉ ⊔⟨⌉ ⌋⊓∇∇⌉\⊔ ↕≀≀√ L ⌈≀ R ← ∫_L L R, end if end for end while End

Figure 6▷ Target Reference Marking algorithm▷

the loop with a single node aggregating all the array refer ences inside the loop over its iteration space▷ For multiply nested loops we perform aggregation from the innermost loop to the outer loops level by level▷ The subarray αeld at a particular point of the analysis represents the region referenced in a single iteration instance of the outer loops that we are currently aggregating▷ Figure 3 shows the target references marked for the example program▷ Since we represent the program in GSA form during the analysis we must ignore all the extra deαnitions and uses created by the GSA representation▷ This includes all the references in the μ and the γ functions and the αrst argument of the α function▷ For simplicity this is not shown in the algorithm in Figure 6▷

Guarded execution A single data reference inside loops can generate multiple instances at runtime▷ Often only some of them actually lead to a stale data reference▷ The guarded execution can be used to reαne the compile time reference marking for such cases▷ It can be used to exploit both self temporal and selfspatial locality as well as to utilize the

Figure 7▷ Code generation using guarded ex ecution for statement S22 in the example▷

subarray access information▷ For program example shown in Figure 2 after stale refer ence detection and target reference detection our algorithms αnd X↼101.200.1↽ and Y↼1.200.1↽ as potentially stale for read references in statement S22▷ Figure 7 shows the code generation after considering subarray information as well as selfspatial locality by using guarded execution▷ We assume a bypass read operation ↼bread↽ is issued for each potential stale data reference▷ As shown in Figure 7↼b↽ half of re mote memory accesses can be eliminated by checking the array range information available by our algorithms▷ Since each memory access implies a signiαcant latency the per formance gained by the guarded execution far outweighs the pipeline disruption caused by the additional branch opera tion▷ Moreover note that only the αrst access to a cache line causes a cache miss at runtime▷ Assuming a 4word cache line size we can further eliminate 75ϱ of the remain ing memory accesses by exploding the selfspatial reuses as shown in Figure 7↼c↽▷ A similar optimization can be done for selftemporal reuses▷ Overall algorithm First we transform the source pro gram to a GSA form▷ Then we construct an epoch βow graph which contains the epoch boundary information▷ Next we mark target references in each epoch and compute regions of array that are referenced▷ Then a stale reference detection algorithm determines the existence of stale mem ory reference sequences▷ If a stale reference sequence is found for a target reference the reference is marked as po tentially stale▷ We transform the program in its GSA form back to the original program with the reference marking information and appropriate cache and memory operations are generated▷ Finally the guarded execution technique can be used to further optimize the code generation▷ 3▷3▷ Handling procedure calls Until now the algorithm presented assumes single pro gram units i▷e▷ single procedures and therefore single βow graphs▷ The presence of procedures and procedure calls introduces two complications in this analysis▷

• ∫⟩⌈⌉ ⌉{{⌉⌋⊔ T⟨⌉ ⌉§⌉⌋⊓⊔⟩≀\ ≀{ ⊣ √∇≀⌋⌉⌈⊓∇⌉ ⌋⊣\ ⟨⊣⊑⌉ ⊣ ∫⟩⌈⌉ ⌉{{⌉⌋⊔ ≀\ ⊑⊣∇⟩⊣⌊↕⌉∫ ⊣⊔ ⊔⟨⌉ √≀⟩\⊔ {∇≀⇕ ⊒⟨⟩⌋⟨ ⊔⟨⌉ √∇≀⌋⌉⌈⊓∇⌉ ⟩∫ ⌋⊣↕↕⌉⌈↙ T⟨⌉ ⊑⊣∇⟩⊣⌊↕⌉∫ ⟩\⌋↕⊓⌈⌉ ⊔⟨⌉ ⊣⌋⊔⊓⊣↕ √⊣∇⊣⇕⌉⊔⌉∇∫ }⟩⊑⌉\ ⊣⊔ ⊔⟨⌉ ⌋⊣↕↕ ∫⟩⊔⌉ ⊣∫ ⊒⌉↕↕ ⊣∫ ⊔⟨⌉ }↕≀⌊⊣↕ √⊣∇⊣⇕⌉⊔⌉∇∫ ⊑⟩∫⟩⌊↕⌉ ⊔≀ ⌊≀⊔⟨ ⊔⟨⌉ ⌋⊣↕↕⟩\} √∇≀⌋⌉⌈⊓∇⌉ ⊣\⌈ ⌋⊣↕↕⌉⌈ √∇≀⌋⌉⌈⊓∇⌉↙ T⟨⟩∫ ⟩\ ⊔⊓∇\ ⊣{{⌉⌋⊔∫ ⊔⟨⌉ ⊣\⊣↕†∫⟩∫ ≀{ ⊔⟨⌉ √∇≀⌋⌉⌈⊓∇⌉ ⌋⊣↕↕⌉⌈ ∫⟩\⌋⌉ ⊣\† ≀{ ⊔⟨⌉ }↕≀⌊⊣↕ ⊑⊣∇⟩⊣⌊↕⌉∫ ⊣\⌈ {≀∇⇕⊣↕ √⊣∇⊣⇕⌉⊔⌉∇∫ ⌋⊣\ ⌊⌉ ∇⌉⊣⌈ ≀∇ ⊒∇⟩⊔⊔⌉\ √∇⌉⊑⟩≀⊓∫↕† ⊣⊔ ⊔⟨⌉ ⌊⌉}⟩\\⟩\} ≀{ ⊣ √∇≀⌋⌉⌈⊓∇⌉↙ • ⊣↕⟩⊣∫⌉∫ T⟨⌉ ⌋⊣↕↕↖⌊†↖∇⌉{⌉∇⌉\⌋⌉ √⊣∇⊣⇕⌉⊔⌉∇ √⊣∫∫⟩\} ⇕⌉⌋⟨↖ ⊣\⟩∫⇕ ⌋⊣\ ⌋⊣⊓∫⌉ ⊔⊒≀ ⌈⟩∫⊔⟩\⌋⊔ ⊑⊣∇⟩⊣⌊↕⌉∫ ⊔≀ ∇⌉{⌉∇ ⊔≀ ⊔⟨⌉ ∫⊣⇕⌉ ⇕⌉⇕≀∇† ↕≀⌋⊣⊔⟩≀\↙ T≀ ⊣⌈⌈∇⌉∫∫ ⊔⟨⌉∫⌉ √∇≀⌊↕⌉⇕∫⇔ ⊒⌉ ⊓∫⌉ ⊔⟨⌉ {≀↕↕≀⊒⟩\} ⊔⊒≀ ⇕⌉⊔⟨≀⌈∫¬ ⌋⊣⌋⟨⌉ ⟩\⊑⊣↕⟩⌈⊣⊔⟩≀\ ⊣\⌈ ∫⌉↕⌉⌋⊔⟩⊑⌉ ⟩\↕⟩\⟩\}↙ C⊣⌋⟨⌉ ⟩\⊑⊣↕⟩⌈⊣⊔⟩≀\ ⊣⊔ √∇≀⌋⌉⌈⊓∇⌉ ⌊≀⊓\⌈⊣∇† W⌉ ⌋⊣\ ⊣⊑≀⟩⌈ ⊔⟨⌉ ∫⟩⌈⌉ ⌉{{⌉⌋⊔∫ ≀{ √∇≀⌋⌉⌈⊓∇⌉ ⌋⊣↕↕∫ ⌊† ⟩\⊑⊣↕⟩⌈⊣⊔⟩\} ⊔⟨⌉ ⌉\⊔⟩∇⌉ ⌋⊣⌋⟨⌉ ⊣{⊔⌉∇ ⌉⊣⌋⟨ ⌋⊣↕↕ ∫⟩⊔⌉↙ S⟩\⌋⌉ ⊒⌉ ∫⊔⊣∇⊔ {∇≀⇕ ⊣ ⌋↕⌉⊣\ ⌋⊣⌋⟨⌉ ⊣{⊔⌉∇ ⊔⟨⌉ ⌋⊣↕↕⇔ ⊔⟨⌉ ∫⟩⌈⌉ ⌉{{⌉⌋⊔ {∇≀⇕ ⊔⟨⌉ √∇≀⌋⌉⌈⊓∇⌉ \⌉⌉⌈ \≀⊔ ⌊⌉ ⌋≀\∫⟩⌈⌉∇⌉⌈↙ W⌉ ⊣↕∫≀ \⌉⌉⌈ ⊔≀ ⟩\⊑⊣↕⟩⌈⊣⊔⌉ ⊔⟨⌉ ⌋⊣⌋⟨⌉ ⊣⊔ ⊔⟨⌉ ⌊⌉}⟩\\⟩\} ≀{ ⊔⟨⌉ √∇≀⌋⌉⌈⊓∇⌉↙ W⟩⊔⟨≀⊓⊔ ∫⊓⌋⟨ ⟩\⊑⊣↕⟩⌈⊣⊔⟩≀\⇔ ⊒⌉ ⟨⊣⊑⌉ ⊔≀ ⌋≀\∫⟩⌈⌉∇ ⊔⟨⌉ ⌈⌉⊘\⟩⊔⟩≀\∫ ≀{ ⊣↕↕ ⊔⟨⌉ }↕≀⌊⊣↕ ⊑⊣∇⟩⊣⌊↕⌉∫ ⊣\⌈ ⊔⟨⌉ {≀∇⇕⊣↕ √⊣∇⊣⇕⌉⊔⌉∇∫ ⌊⌉{≀∇⌉ ⊔⟨⌉ √∇≀⌋⌉⌈⊓∇⌉ ⟩∫ ⌋⊣↕↕⌉⌈↙ T⟨⌉ ∫⌉⌋≀\⌈ √∇≀⌊↕⌉⇕⇔ ⊣↕⟩⊣∫⟩\} ⌈⊓⌉ ⊔≀ √⊣∇⊣⇕⌉⊔⌉∇ √⊣∫∫⟩\}⇔ ⌋⊣\\≀⊔ ⌊⌉ ∇⌉∫≀↕⊑⌉⌈ ⌉⊑⌉\ ⟩{ ⊒⌉ ⟩\⊑⊣↕⟩⌈⊣⊔⌉ ⊔⟨⌉ ⌉\⊔⟩∇⌉ ⌋⊣⌋⟨⌉ ⊣⊔ √∇≀⌋⌉⌈⊓∇⌉ ⌊≀⊓\⌈⊣∇⟩⌉∫↙ T⟨⟩∫ ⟩∫ ⌊⌉⌋⊣⊓∫⌉ ≀⊓∇ ⊣\⊣↕†∫⟩∫ ⟩∫ \≀ ↕≀\}⌉∇ ⊑⊣↕⟩⌈ ⟩{ ⊔⟨⌉∇⌉ ⟩∫ ⊣↕⟩⊣∫⟩\}↙ H≀⊒⌉⊑⌉∇⇔ ANSI F≀∇⊔∇⊣\ ⌈≀⌉∫ \≀⊔ ⊣↕↕≀⊒ √∇≀}∇⊣⇕∫ ⊒∇⟩⊔⊔⌉\ ⊒⟩⊔⟨ ⊣↕⟩⊣∫⌉∫↙ I{ ⊣↕⟩⊣∫⌉∫ ⌈≀ ≀⌋⌋⊓∇ ⟩\ ⊣ ∫≀⊓∇⌋⌉ √∇≀}∇⊣⇕⇔ ⊔⟨⌉\ ⊒⌉ \⌉⌉⌈ ⊔≀ ⊔∇⌉⊣⊔ ⊣↕↕ ⊔⟨⌉ ⊣↕⟩⊣∫⌉⌈ ⊑⊣∇⟩⊣⌊↕⌉∫ ⊣∫ ⊣ ∫⟩\}↕⌉ ⊑⊣∇⟩⊣⌊↕⌉⇔ ≀∇ ⊓∫⌉ ⊔⟨⌉ \⌉§⊔ ⊔⌉⌋⟨\⟩∐⊓⌉⇔ ∫⌉↕⌉⌋⊔⟩⊑⌉ ⟩\↕⟩\⟩\}↙ S⌉↕⌉⌋⊔⟩⊑⌉ ⟩\↕⟩\⟩\} B† ⟩\↕⟩\⟩\} ⊔⟨⌉ √∇≀⌋⌉⌈⊓∇⌉∫⇔ ⊒⌉ ⌋⊣\ ⌉↕⟩⇕⟩\⊣⊔⌉ ⌊≀⊔⟨ ⊔⟨⌉ ⊣↕⟩⊣∫⌉∫ ⊣\⌈ ⊔⟨⌉ ∫⟩⌈⌉ ⌉{{⌉⌋⊔∫ ⌋⊣⊓∫⌉⌈ ⌊† ⊔⟨⌉ √∇≀⌋⌉⌈⊓∇⌉ ⌋⊣↕↕∫↙ I⊔ ⊣↕∫≀ ⟩\⌋∇⌉⊣∫⌉∫ ⊔⟨⌉ ⌋⊣⌋⟨⌉ ↕≀⌋⊣↕⟩⊔† ∫⟩\⌋⌉ ⊒⌉ ⌋⊣\ ⊣⊑≀⟩⌈ {∇⌉∐⊓⌉\⊔ ⟩\⊑⊣↕⟩⌈⊣⊔⟩≀\∫ ⊣⊔ ⊔⟨⌉ √∇≀⌋⌉⌈⊓∇⌉ ⌊≀⊓\⌈↖ ⊣∇⟩⌉∫↙ H≀⊒⌉⊑⌉∇⇔ ⊓\⌋≀\⌈⟩⊔⟩≀\⊣↕ ⟩\↕⟩\⟩\} ⌋⊣\ ⌊⌉ √∇≀⟨⟩⌊⟩⊔⟩⊑⌉↕† ⌉§√⌉\∫⟩⊑⌉ ⌈⊓⌉ ⊔≀ ⌋≀⌈⌉ ⌉§√⊣\∫⟩≀\↙ S⟩\⌋⌉ ⟩\↕⟩\⟩\} ⟩∫ ⇕≀∫⊔ ⌉{{⌉⌋⊔⟩⊑⌉ {≀∇ ∫⇕⊣↕↕ √∇≀⌋⌉⌈⊓∇⌉∫⇔ ⊒⌉ ∫⌉↕⌉⌋⊔⟩⊑⌉↕† ⟩\↕⟩\⌉ ⊣ √∇≀↖ ⌋⌉⌈⊓∇⌉ ⊒⟨⌉\⌉⊑⌉∇ ⟩⊔∫ ∫⟩‡⌉ ⇐⌈⌉⊔⌉∇⇕⟩\⌉⌈ ⟩\ ⊔⌉∇⇕∫ ≀{ ∇⌉{⌉∇⌉\⌋⌉∫⇒ ⟩∫ ↕⌉∫∫ ⊔⟨⊣\ ⊣ ⊔⟨∇⌉∫⟨≀↕⌈ ⊑⊣↕⊓⌉↙ △↙ E§√⌉∇⟩⇕⌉\⊔⊣⊔⟩≀\ W⌉ ⟨⊣⊑⌉ ⟩⇕√↕⌉⇕⌉\⊔⌉⌈ ⊔⟨⌉∫⌉ ⌋≀⇕√⟩↕⌉∇ ⊣↕}≀∇⟩⊔⟨⇕∫ ⟩\ ⊔⟨⌉ P≀↕⊣∇⟩∫ ⌋≀⇕√⟩↕⌉∇ ∪∞∃⊎↙ P⌉∇{⌉⌋⊔ ⌊⌉\⌋⟨⇕⊣∇‖ ∫⊓⟩⊔⌉∫ ∪△⊎ ⊣∇⌉ ⌋⟨≀↖ ∫⌉\ ⊣∫ ≀⊓∇ ⊔⊣∇}⌉⊔ ⊣√√↕⟩⌋⊣⊔⟩≀\∫↙ T⟨⌉† ⊣∇⌉ ⊘∇∫⊔ √⊣∇⊣↕↕⌉↕⟩‡⌉⌈ ⌊† ⊔⟨⌉ P≀↕⊣∇⟩∫ ⌋≀⇕√⟩↕⌉∇↙ T⟨⌉\⇔ ⊒⌉ √∇≀⌋⌉∫∫ ⊔⟨⌉ √⊣∇⊣↕↕⌉↕⟩‡⌉⌈ ∫≀⊓∇⌋⌉ ⌋≀⌈⌉∫ ⊓∫⟩\} ⌊≀⊔⟨ ∫⌋⊣↕⊣∇ ⊣\⌈ ⊣∇∇⊣† ⊙≀⊒ ⊣\⊣↕†∫⟩∫ ⊑⌉∇↖ ∫⟩≀\ ≀{ ⊔⟨⌉ ⊣↕}≀∇⟩⊔⟨⇕∫ }⟩⊑⌉\ ⟩\ ∫⌉⌋⊔⟩≀\ ∋↙ C⊣⌋⟨⌉ ⟩\⊑⊣↕⟩⌈⊣⊔⌉ ≀√⌉∇⊣⊔⟩≀\∫ ⊣∇⌉ ⟩\∫⌉∇⊔⌉⌈ ⊣⊔ ⊔⟨⌉ ⌊⌉}⟩\\⟩\} ≀{ √∇≀⌋⌉⌈⊓∇⌉∫ ⊣\⌈ ⊣{⊔⌉∇ ⌉⊣⌋⟨ ⌋⊣↕↕ ∫⟩⊔⌉⇔ ⊒⟨⟩↕⌉ ⟩\↕⟩\⟩\} ⟩∫ ⊓∫⌉⌈ ∫⌉↕⌉⌋⊔⟩⊑⌉↕†↙

S⟩⇕⊓↕⊣⊔⟩≀\ E§⌉⌋⊓⊔⟩≀\↖⌈∇⟩⊑⌉\ ∫⟩⇕⊓↕⊣⊔⟩≀\∫ ∪∈′⊎ ⊣∇⌉ ⊓∫⌉⌈ ⊔≀ ⊑⌉∇⟩{† ⊔⟨⌉ ⌋≀⇕√⟩↕⌉∇ ⊣↕}≀∇⟩⊔⟨⇕∫ ⊣\⌈ ⊔≀ ⌈⌉⊔⌉∇⇕⟩\⌉ ⊔⟨⌉ √⌉∇{≀∇↖ ⇕⊣\⌋⌉ ≀{ ⊔⟨⌉ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉ ⌈⌉⊔⌉⌋⊔⟩≀\↙ A↕↕ ⊔⟨⌉ ∫⟩⇕⊓↕⊣⊔⟩≀\∫ ⊣∫∫⊓⇕⌉ ⊣ ∞↖̸√∇≀⌋⌉∫∫≀∇⇔ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ∫⟨⊣∇⌉⌈↖⇕⌉⇕≀∇† ⊣∇⌋⟨⟩⊔⌉⌋↖ ⊔⊓∇⌉ ∫⟩⇕⟩↕⊣∇ ⊔≀ C∇⊣† T∋D↙ E⊣⌋⟨ √∇≀⌋⌉∫∫≀∇ ⌋≀\⊔⊣⟩\∫ ⊣ △̸↖KB ⌈⟩∇⌉⌋⊔↖⇕⊣√√⌉⌈ ⌋⊣⌋⟨⌉ ⊒⟩⊔⟨ △↖⊒≀∇⌈ ⌋⊣⌋⟨⌉ ↕⟩\⌉∫↙ S⟩⇕⊓↕⊣⊔⌉⌈ ⌉⊑⌉\⊔∫ ⟩\⌋↕⊓⌈⌉ }↕≀⌊⊣↕ ⊣\⌈ ↕≀⌋⊣↕ ⇕⌉⇕≀∇† ⊣⌋⌋⌉∫∫⌉∫⇔ √⊣∇⊣↕↕⌉↕ ↕≀≀√ ∫⌉⊔⊓√ ⊣\⌈ ∫⌋⟨⌉⌈⊓↕⟩\} ≀√⌉∇⊣⊔⟩≀\∫⇔ ⊣\⌈ ∫†\⌋⟨∇≀\⟩‡⊣⊔⟩≀\ ≀√⌉∇⊣⊔⟩≀\∫↙ A ∫⊔⊣⊔⟩⌋ ⌋†⌋↕⟩⌋ ∫⌋⟨⌉⌈⊓↕⟩\} ⟩∫ ⊓∫⌉⌈↙ T⟨⌉ ⇕⌉⇕≀∇† ⌉⊑⌉\⊔∫ ⊣∇⌉ }⌉\⌉∇⊣⊔⌉⌈ {∇≀⇕ ⊣ ∫≀⊓∇⌋⌉ ⌋≀⌈⌉ ↕⌉⊑⌉↕ ∫⟩⇕⊓↕⊣⊔⟩≀\⇔ ⊒⟨⟩⌋⟨ ⌈≀⌉∫ \≀⊔ ⌋≀\∫⟩⌈⌉∇ ⌊⊣⌋‖↖⌉\⌈ ⌋≀⇕√⟩↕⌉∇ ⌋≀⌈⌉ }⌉\⌉∇⊣⊔⟩≀\ ⊣\⌈ ≀√⊔⟩⇕⟩‡⊣⊔⟩≀\∫↙ F≀∇ ⌋≀⇕√⊣∇⟩∫≀\ ∫⊔⊓⌈⟩⌉∫⇔ ⊔⟨⌉ {≀↕↕≀⊒⟩\} ⌋≀⟨⌉∇⌉\⌋⌉ ∫⌋⟨⌉⇕⌉∫ ⊣∇⌉ ∫⟩⇕⊓↕⊣⊔⌉⌈¬ ∞↙ B⊣∫⌉ A∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉ ⇐BASE⇒ T⟨⟩∫ ∫⌋⟨⌉⇕⌉ ⌈≀⌉∫ \≀⊔ ⌋⊣⌋⟨⌉ ∫⟨⊣∇⌉⌈ ⌈⊣⊔⊣ ⊔≀ ⊣⊑≀⟩⌈ ⊔⟨⌉ ⌋⊣⌋⟨⌉ ⌋≀⟨⌉∇⌉\⌋⌉ √∇≀⌊↖ ↕⌉⇕↙ A↕↕ ∫⟨⊣∇⌉⌈ ⇕⌉⇕≀∇† ∇⌉{⌉∇⌉\⌋⌉∫ ⊣∇⌉ ⊔∇⌉⊣⊔⌉⌈ ⊣∫ ⌋⊣⌋⟨⌉ ⇕⟩∫∫⌉∫↙ T⟨⌉† ⊒⟩↕↕ ⊣⌋⌋⌉∫∫ ⇕⊣⟩\ ⇕⌉⇕≀∇† ⌈⟩∇⌉⌋⊔↕†↙ T⟨⟩∫ ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉ ⟩∫ ∫⟩⇕⟩↕⊣∇ ⊔≀ C∇⊣† T∋D ⊒⟩⊔⟨ ⊓\⌋⊣⌋⟨⌉⊣⌊↕⌉ ↕≀⊣⌈∫ {≀∇ ∫⟨⊣∇⌉⌈ ⇕⌉⇕≀∇† ∇⌉{⌉∇⌉\⌋⌉∫ ⊣\⌈ ⌋⊣⌋⟨⌉⊣⌊↕⌉ ↕≀⊣⌈∫ {≀∇ √∇⟩⊑⊣⊔⌉ ∇⌉{⌉∇⌉\⌋⌉∫↙ ∈↙ C≀⇕√⟩↕⌉∇ S⌋⟨⌉⇕⌉ ⇐CP⇒ I\ ⊔⟨⟩∫ ∫⌋⟨⌉⇕⌉⇔ √≀⊔⌉\⊔⟩⊣↕ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉∫ ⊣∇⌉ ⟩⌈⌉\⊔⟩⊘⌉⌈ ⊣⊔ ⌋≀⇕√⟩↕⌉ ⊔⟩⇕⌉⇔ ⊣\⌈ {≀∇ ⌉⊣⌋⟨ √≀⊔⌉\⊔⟩⊣↕ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉⇔ ⊣ ⌊†√⊣∫∫↖⌋⊣⌋⟨⌉ ⇕⌉⇕≀∇† ≀√↖ ⌉∇⊣⊔⟩≀\ ⟩∫ ⟩∫∫⊓⌉⌈ ⊔≀ ⊣⊑≀⟩⌈ ⊣⌋⌋⌉∫∫⟩\} ∫⊔⊣↕⌉ ⌋⊣⌋⟨⌉⌈ ⌈⊣⊔⊣↙ T⟨⌉ ⌊†√⊣∫∫ ⌋⊣⌋⟨⌉ ≀√⌉∇⊣⊔⟩≀\ ⊒⟩↕↕ ⌈⟩∇⌉⌋⊔↕† ⊣⌋⌋⌉∫∫ ⇕⊣⟩\ ⇕⌉⇕≀∇†⇔ ⊣\⌈ ∇⌉√↕⊣⌋⌉ ⊔⟨⌉ ⌋⊣⌋⟨⌉⌈ ⌈⊣⊔⊣ ⊒⟩⊔⟨ ⊓√↖⊔≀↖⌈⊣⊔⌉ ⌈⊣⊔⊣ {∇≀⇕ ⊔⟨⌉ ⇕⊣⟩\ ⇕⌉⇕≀∇†↙ T⟨⌉ ∫⌋⟨⌉⇕⌉ ∫⟨≀⊒∫ ⊔⟨⌉ √≀↖ ⊔⌉\⊔⟩⊣↕ √⌉∇{≀∇⇕⊣\⌋⌉ }⊣⟩\ {∇≀⇕ ≀⊓∇ ⌋≀⇕√⟩↕⌉∇ ⊣↕}≀∇⟩⊔⟨⇕↙ D†\⊣⇕⟩⌋ ∇⌉{⌉∇⌉\⌋⌉ ∫⊔⊣⊔⟩∫⊔⟩⌋∫ T⊣⌊↕⌉ ∀ ∫⟨≀⊒∫ ⊔⟨⌉ ⌈†\⊣⇕⟩⌋ ∇⌉{⌉∇⌉\⌋⌉ ⌋≀⊓\⊔∫ {≀∇ ̸P⌉∇{⌉⌋⊔ ⌊⌉\⌋⟨⇕⊣∇‖∫↙ N≀⊔⌉ ⊔⟨⊣⊔ ⌈⊓⌉ ⊔≀ ⊔⟨⌉ ⊣⊓⊔≀⇕⊣⊔⟩⌋ ⊣∇∇⊣† √∇⟩⊑⊣⊔⟩‡⊣⊔⟩≀\ ⟩\ P≀↕⊣∇⟩∫⇔ √⌉∇⌋⌉\⊔⊣}⌉ ≀{ ∫⟨⊣∇⌉⌈ ⇕⌉⇕≀∇† ∇⌉{⌉∇⌉\⌋⌉∫ ⊣∇⌉ ⇕≀⌈⌉∫⊔⇔ ∇⊣\}⟩\} {∇≀⇕ ∞∀↙∋↗ ⇐QCD∈⇒ ⊔≀ ∞̸↙∞↗ ⇐TRFD⇒↙ N≀⊔⌉ ⊔⟨⊣⊔ ⌉§⌋⌉√⊔ TRFD⇔ ⊒⟨⟩⌋⟨ ⟩∫ {⊓↕↕†↖⟩\↕⟩\⌉⌈⇔ ⊔⟨⌉ √≀⊔⌉\⊔⟩⊣↕ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉∫ ⌈⌉⊔⌉⌋⊔⌉⌈ ⊣∇⌉ ≀\ ⊣ √⌉∇↖√∇≀⌋⌉⌈⊓∇⌉ ⌊⊣∫⟩∫↙ F≀∇ SPEC ⊣\⌈ QCD∈⇔ ⊔⟨⌉ ⟩⇕√∇≀⊑⌉⇕⌉\⊔ ⌊† ⊔⟨⌉ ⊣∇∇⊣† ⌈⊣⊔⊣↖⊙≀⊒ ⊣↕}≀∇⟩⊔⟨⇕ ⟩∫ ∫⟩}\⟩⊘⌋⊣\⊔⇔ ⌉↕⟩⇕⟩\⊣⊔⟩\} ↙̸∋↗ ⊣\⌈ ▽↙△↗ ≀{ √≀⊔⌉\⊔⟩⊣↕ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉∫ ⇕⊣∇‖⌉⌈ ⌊† ⊔⟨⌉ ∫⌋⊣↕⊣∇ ⊣↕}≀∇⟩⊔⟨⇕↙ F≀∇ ≀⊔⟨⌉∇ ⌊⌉\⌋⟨⇕⊣∇‖∫⇔ ⊔⟨⌉ ⊣⌈⌈⟩⊔⟩≀\⊣↕ ⟩⇕√∇≀⊑⌉⇕⌉\⊔ ⟩∫ ⇕≀⌈⌉∫⊔↙ △↙∞↙ M⟩∫∫ R⊣⊔⌉∫ I⇕√⊣⌋⊔ ≀{ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉ ⌈⌉⊔⌉⌋⊔⟩≀\ F⟩}⊓∇⌉ ∃ ∫⟨≀⊒∫ ⊔⟨⌉ ⇕⟩∫∫ ∇⊣⊔⌉∫ ≀{ ⊔⟨⌉ ⌋≀⇕√⟩↕⌉∇ ∫⌋⟨⌉⇕⌉ ⊓∫⟩\} ≀⊓∇ ⊣∇∇⊣† ⌈⊣⊔⊣↖⊙≀⊒ ⊣↕}≀∇⟩⊔⟨⇕ ⊣}⊣⟩\∫⊔ ⊔⟨⌉ ⇕⟩∫∫ ∇⊣⊔⌉∫ ≀{ ⊔⟨⌉ ⌊⊣∫⌉ ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉ {≀∇ ⊔⟨⌉ P⌉∇{⌉⌋⊔ ⌊⌉\⌋⟨⇕⊣∇‖∫↙ T⟨⌉ ⇕⟩∫∫ ∇⊣⊔⌉∫ ⊣∇⌉ ⌋↕⊣∫∫⟩⊘⌉⌈ ⟩\⊔≀ ∫⟨⊣∇⟩\} \≀\∫⟨⊣∇⟩\} ⇕⟩∫∫⌉∫↙ A ∫⟨⊣∇⟩\} ⇕⟩∫∫ ≀⌋⌋⊓∇∫ ⊒⟨⌉\ ⊔⟨⌉ ⊣⌈⌈∇⌉∫∫ ⊔⊣} ⇕⊣⊔⌋⟨⌉∫ ⌊⊓⊔ ⌉⟩⊔⟨⌉∇ ⟩⊔ ⟨⊣∫ ⌊⌉⌉\ ⟩\⊑⊣↕⟩⌈⊣⊔⌉⌈ ≀∇ ⊔⟨⌉ ∇⌉{⌉∇⌉\⌋⌉ ⟩∫ ⇕⊣∇‖⌉⌈ ⊣∫ √≀⊔⌉\⊔⟩⊣↕↕† ∫⊔⊣↕⌉↙ A↕↕ ⊔⟨⌉ ≀⊔⟨⌉∇ ⇕⟩∫∫⌉∫ ⊣⌋⌋≀⊓\⊔ {≀∇ \≀\∫⟨⊣∇⟩\} ⇕⟩∫∫⌉∫ ⊣∫ ⟩\ ⊣ ⊓\⟩√∇≀⌋⌉∫∫≀∇ ∫†∫⊔⌉⇕↙ F≀∇ ⊣↕↕ ⊔⟨⌉ ̸⌊⌉\⌋⟨⇕⊣∇‖∫ ⌋⟨≀∫⌉\⇔ ∫⟨⊣∇⟩\} ⇕⟩∫∫⌉∫ ⌈≀⇕⟩\⊣⊔⌉

F⟩}⊓∇⌉ ∃↙ R⌉⌈⊓⌋⊔⟩≀\ ≀{ ⌋⊣⌋⟨⌉ ⇕⟩∫∫⌉∫ ⊣{⊔⌉∇ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉ ⌈⌉⊔⌉⌋⊔⟩≀\ {≀∇ P⌉∇{⌉⌋⊔ ⌊⌉\⌋⟨↖ ⇕⊣∇‖∫↙

⊔⟨⌉ ≀⊑⌉∇⊣↕↕ ⇕⟩∫∫ ∇⊣⊔⌉∫↙ T⟨⌉ ∫⟨⊣∇⟩\} ⇕⟩∫∫⌉∫ ⊣∇⌉ {⊓∇⊔⟨⌉∇ ⌋↕⊣∫↖ ∫⟩⊘⌉⌈ ⟩\⊔≀ ⊔∇⊓⌉ ⊣\⌈ {⊣↕∫⌉ ∫⟨⊣∇⟩\} ⇕⟩∫∫⌉∫↙ T⟨⌉ ⊔∇⊓⌉ ∫⟨⊣∇⟩\} ⇕⟩∫∫⌉∫ ⊣∇⌉ \⌉⌋⌉∫∫⊣∇† ⇕⟩∫∫⌉∫ ⊔≀ ⊣⊑≀⟩⌈ ⌋⊣⌋⟨⌉ ⌋≀⟨⌉∇⌉\⌋⌉⇔ ⊒⟨⟩↕⌉ ⊔⟨⌉ {⊣↕∫⌉ ∫⟨⊣∇⟩\} ⇕⟩∫∫⌉∫ ∫⟨≀⊒ ⊔⟨⌉ ⊓\\⌉⌋⌉∫∫⊣∇† ⇕⟩∫∫⌉∫ ⌋⊣⊓∫⌉⌈ ⌊† ⊔⟨⌉ ⌋≀\∫⌉∇⊑⊣⊔⟩⊑⌉ ⌋≀⇕√⟩↕⌉∇ ⌈⌉⌋⟩∫⟩≀\∫↙ W⟩⊔⟨ ⌋≀⇕√⟩↕⌉ ⊔⟩⇕⌉ ⊣\⊣↕†∫⟩∫⇔ ⊣ ∫⟩}\⟩⊘⌋⊣\⊔ \⊓⇕⌊⌉∇ ≀{ ⊓\↖ \⌉⌋⌉∫∫⊣∇† ∫⟨⊣∇⟩\} ⇕⟩∫∫⌉∫ ⟩\ ⊔⟨⌉ ⌊⊣∫⌉ ⊣∇⌋⟨⟩⊔⌉⌋⊔⊓∇⌉ ⊣∇⌉ ⌉↕⟩⇕↖ ⟩\⊣⊔⌉⌈⇔ ⌈⌉⌋∇⌉⊣∫⟩\} ⊔⟨⌉ ⇕⟩∫∫ ∇⊣⊔⌉∫ ⌊† ∞↙∃↗ ⇐FLO▽∈⇒ ⊓√ ⊔≀ ∋↙̸△↗ ⇐SPEC⇒↙ T⟨⟩∫ ⌈⌉⇕≀\∫⊔∇⊣⊔⌉∫ ⟨≀⊒ ⌋≀⇕√⟩↕⌉ ⊔⟩⇕⌉ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉ ⌈⌉⊔⌉⌋⊔⟩≀\ ⌋⊣\ ⟩⇕√∇≀⊑⌉ ⌋⊣⌋⟨⌉ ⊓⊔⟩↕⟩‡⊣⊔⟩≀\ ⌊† ⌋⊣⌋⟨⟩\} ∇⌉⇕≀⊔⌉ ∫⟨⊣∇⌉⌈ ⌈⊣⊔⊣↙ I\ √⊣∇⊔⟩⌋⊓↕⊣∇⇔ ⊔⟨⌉ ∫⊔⊣↕⌉ ∇⌉{⌉∇↖ ⌉\⌋⌉ ⌈⌉⊔⌉⌋⊔⟩≀\ ⌉↕⟩⇕⟩\⊣⊔⌉∫ ⇕≀∫⊔ ≀{ ⊔⟨⌉ ∫⟨⊣∇⟩\} ⇕⟩∫∫⌉∫ {≀∇ OCEAN↙ H≀⊒⌉⊑⌉∇ {≀∇ ≀⊔⟨⌉∇ ⌊⌉\⌋⟨⇕⊣∇‖∫⇔ ⊔⟨⌉∇⌉ ⊣∇⌉ ∫⊔⟩↕↕ ∫⟩}↖ \⟩⊘⌋⊣\⊔ \⊓⇕⌊⌉∇ ≀{ {⊣↕∫⌉ ∫⟨⊣∇⟩\} ⇕⟩∫∫⌉∫↙ T⟨⟩∫ ⟩∫ ⌈⊓⌉ ⊔≀ ⊔⊒≀ ∇⌉⊣∫≀\∫↙ F⟩∇∫⊔⇔ ⊔⟨⌉ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉ ⌈⌉⊔⌉⌋⊔⟩≀\ ⊣↕}≀∇⟩⊔⟨⇕ ⇕⊓∫⊔ ⌊⌉ ⌋≀\∫⌉∇⊑⊣⊔⟩⊑⌉ ⊒⟨⌉\ ⟩⊔ ⟩∫ ⟩\⊑≀↕⊑⌉⌈ ⊒⟩⊔⟨ ⊓\‖\≀⊒\ ⌋≀⇕√⟩↕⌉ ⊔⟩⇕⌉ ⟩\{≀∇⇕⊣⊔⟩≀\ ∫⊓⌋⟨ ⊣∫ ⌊∇⊣\⌋⟨⌉∫⇔ ⇕⌉⇕≀∇† ⌈⟩∫⊣⇕⌊⟩}⊓⊣↖ ⊔⟩≀\⇔ ⊣\⌈ ∫⌋⟨⌉⌈⊓↕⟩\}↙ S⌉⌋≀\⌈⇔ ⊔⟨⌉ ⟩\⊑⊣↕⟩⌈⊣⊔⟩≀\∫ ⊣⊔ √∇≀⌋⌉⌈⊓∇⌉ ⌊≀⊓\⌈⊣∇⟩⌉∫ ⌋⊣\ ∫≀⇕⌉⊔⟩⇕⌉∫ ⟩\⌋∇⌉⊣∫⌉ ⊔⟨⌉ ⌋⊣⌋⟨⌉ ⇕⟩∫∫⌉∫ ∫⟩}\⟩{↖ ⟩⌋⊣\⊔↕† ⌉∫√⌉⌋⟩⊣↕↕† ⊒⟨⌉\ ⊔⟨⌉∇⌉ ⊣∇⌉ ⇕⊣\† ∫⇕⊣↕↕ √∇≀⌋⌉⌈⊓∇⌉∫ ⟩\ ⊔⟨⌉ ⌋∇⟩⊔⟩⌋⊣↕ √⊣⊔⟨ ≀{ ⊔⟨⌉ ⌉§⌉⌋⊓⊔⟩≀\↙ I\⊔⌉∇⌉∫⊔⟩\}↕†⇔ ⊔⟨⌉ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉ ⌈⌉⊔⌉⌋⊔⟩≀\ ⌈⟩⌈ \≀⊔ ⌈⌉⌋∇⌉⊣∫⌉ ⊔⟨⌉ ⇕⟩∫∫ ∇⊣⊔⌉ {≀∇ ⌊⌉\⌋⟨↖ ⇕⊣∇‖ MDG⇔ ⊣\⌈ ⟩⊔ ⌉⊑⌉\ ⟩\⌋∇⌉⊣∫⌉∫ ⊔⟨⌉ ⇕⟩∫∫ ∇⊣⊔⌉ ∫⟩}\⟩⊘⌋⊣\⊔↕† {≀∇ QCD↙ I\ QCD⇔ ≀\↕† ∞∀↙∋↗ ≀{ ⇕⌉⇕≀∇† ∇⌉{⌉∇⌉\⌋⌉∫ ⊣∇⌉ ⊔≀ ⊔⟨⌉ ∫⟨⊣∇⌉⌈ ⌈⊣⊔⊣↙ H≀⊒⌉⊑⌉∇⇔ ⟩\⊑⊣↕⟩⌈⊣⊔⟩≀\∫ ⊣⊔ √∇≀⌋⌉⌈⊓∇⌉ ⌊≀⊓\⌈↖ ⊣∇⟩⌉∫ ∇⌉⇕≀⊑⌉ ↕≀⌋⊣↕ ⌋⊣⌋⟨⌉⌈ ⌈⊣⊔⊣ ⊓\\⌉⌋⌉∫∫⊣∇⟩↕†⇔ ⟩\⌋∇⌉⊣∫⟩\} ⊔⟨⌉ ≀⊑⌉∇⊣↕↕ ⇕⟩∫∫ ∇⊣⊔⌉∫↙ T⟨⟩∫ ∫⊓}}⌉∫⊔∫ ⊔⟨⊣⊔ ⌋⊣⌋⟨⌉ ⟩\⊑⊣↕⟩⌈⊣⊔⟩≀\∫ ∫⟨≀⊓↕⌈ ⌊⌉ ⊣⊑≀⟩⌈⌉⌈ ⊣∫ ⇕⊓⌋⟨ ⊣∫ √≀∫∫⟩⌊↕⌉ ⊔≀ ⌉{{⌉⌋⊔⟩⊑⌉↕† ⌉§√↕≀⟩⊔ ⊔⟨⌉ ↕≀⌋⊣↕⟩⊔† ⊣⌋∇≀∫∫ √∇≀⌋⌉⌈⊓∇⊣↕ ⌊≀⊓\⌈⊣∇⟩⌉∫↙

I⇕√⊣⌋⊔ ≀{ ⊣∇∇⊣† ⊣\⊣↕†∫⟩∫ F⟩}⊓∇⌉ ∞′ ∫⟨≀⊒∫ ⊔⟨⌉ ⟩⇕√∇≀⊑⌉↖ ⇕⌉\⊔ ⌊† ⊔⟨⌉ ⊣∇∇⊣† ⌈⊣⊔⊣↖⊙≀⊒ ⊣↕}≀∇⟩⊔⟨⇕ ≀⊑⌉∇ ⊔⟨⌉ ∫⌋⊣↕⊣∇ ⊣↕}≀↖

P∇≀}∇⊣⇕ S⟩‡⌉ R⌉⊣⌈ W∇⟩⊔⌉ S⟨⊣∇⌉⌈ ⇐↗⇒ P∇⟩⊑⊣⊔⌉ ⇐↗⇒ P≀⊔⌉\⊔⟩⊣↕ S⊔⊣↕⌉ A⌋⌋⌉∫∫ ⇐↗⇒ ⇐↕⟩\⌉∫⇒ ⇐↗⇒ ⇐↗⇒ ⇐⊔≀⊔⊣↕ ∇⌉{∫⇒ ⇐⊔≀⊔⊣↕ ∇⌉{∫⇒ U∫⟩\} ∫⌋⊣↕⊣∇ ⊣\⊣↕†∫⟩∫ U∫⟩\} ⊣∇∇⊣† ⊣\⊣↕†∫⟩∫ SPEC ▽∋△ ̸∃↙∋↗ ∈′↙↗ ▽▽↙∋↗ ⇐▽↙′⇑∞′ ̸⇒ △△↙↗ ⇐△↙′⇑∞′ ̸⇒ ∞↙̸′↗ ∋↙∀↗ OCEAN ∋∞′∞ ∈↙↗̸ ∈↙△↗ ∋△↙∃↗ ⇐∋↙∈⇑∞′ ̸⇒ ▽̸↙∞↗ ⇐↙̸′⇑∞′ ̸⇒ ′↙∞′↗ ′↙∞′↗ FLO▽∈ ∋∞∀∈ ∋↙▽↗ ∈↙̸▽↗ ∋∃↙△↗ ⇐∈↙∀⇑∞′ ̸⇒ ′̸↙↗̸ ⇐△↙∋⇑∞′ ̸⇒ ∞∋↙∞↗ ∞′↙∃↗ MDG ∞▽∈∋ ▽↙′↗ ∈▽↙′↗ ∋↙̸▽↗ ⇐∞↙∀⇑∞′ ̸⇒ ∌↙▽↗ ⇐∋↙∞⇑∞′ ̸⇒ ∞↙∋↗ ∞↙∞↗ QCD∈ ∋▽′▽ ∀↙△↗ ∈∞↙↗̸ ∞∀↙∋↗ ⇐∞↙∈⇑∞′ ̸⇒ ∀∞↙↗ ⇐▽↙∈⇑∞′ ̸⇒ ′↙▽↗ ′↙∞△↗ TRFD ▽∈ ∀′↙△↗ ∞∃↙↗̸ ∞̸↙∞↗ ⇐▽↙∃⇑∞′ ̸⇒ ∋∀↙∃↗ ⇐∋↙∀⇑∞′ ̸⇒ ∋∈↙↗ ∈∃↙′↗

F⟩}⊓∇⌉ ∀↙ M⌉⇕≀∇† ∇⌉{⌉∇⌉\⌋⌉ ∫⊔⊣⊔⟩∫⊔⟩⌋∫ {≀∇ P⌉∇{⌉⌋⊔ ⌊⌉\⌋⟨⇕⊣∇‖∫↙

F⟩}⊓∇⌉ ∞′↙ A∇∇⊣† ⇐⊣∇⇒ ⊑∫↙ ∫⌋⊣↕⊣∇ ⇐∫⌋⇒ ⊣\⊣↕†∫⟩∫↙

∇⟩⊔⟨⇕↙ F≀∇ SPEC⇔ ⊔⟨⌉ ⊣∇∇⊣† ⊣↕}≀∇⟩⊔⟨⇕ ⌉↕⟩⇕⟩\⊣⊔⌉∫ ∋↙∀↗ ≀{ ⊔⟨⌉ {⊣↕∫⌉ ∫⟨⊣∇⟩\} ⇕⟩∫∫⌉∫ ≀{ ⊔⟨⌉ ∫⌋⊣↕⊣∇ ⊣↕}≀∇⟩⊔⟨⇕⇔ ⌈⌉⌋∇⌉⊣∫⟩\} ⊔⟨⌉ ≀⊑⌉∇⊣↕↕ ⇕⟩∫∫ ∇⊣⊔⌉∫ ⌊† ∞∈↙′↗↙ F≀∇ OCEAN⇔ ⌊≀⊔⟨ ∫⌋⊣↕⊣∇ ⊣\⌈ ⊣∇∇⊣† ⊣↕}≀∇⟩⊔⟨⇕∫ ⌉{{⌉⌋⊔⟩⊑⌉↕† ⌉↕⟩⇕⟩\⊣⊔⌉ ⇕≀∫⊔ ≀{ ⊔⟨⌉ {⊣↕∫⌉ ∫⟨⊣∇⟩\} ⇕⟩∫∫⌉∫⇔ ⊣\⌈ ⊣⌋⟨⟩⌉⊑⌉∫ ⊑⌉∇† }≀≀⌈ ⌋⊣⌋⟨⌉ ⊓⊔⟩↕⟩‡⊣⊔⟩≀\↙ F≀∇ TRFD ⊣\⌈ FLO▽∈⇔ ⊔⟨⌉ ⟩⇕√∇≀⊑⌉⇕⌉\⊔ ⌊† ⊔⟨⌉ ⊣∇∇⊣† ⊣↕}≀↖ ∇⟩⊔⟨⇕ ⟩∫ ⇕≀⌈⌉∫⊔⇔ ⌉↕⟩⇕⟩\⊣⊔⟩\} ∞∞↙∈↗ ⊣\⌈ ∀↙∈↗ ≀{ ⊔⟨⌉ {⊣↕∫⌉ ∫⟨⊣∇⟩\} ⇕⟩∫∫⌉∫ ⟩\⌋⊓∇∇⌉⌈ ⌊† ⊔⟨⌉ ∫⌋⊣↕⊣∇ ⊣↕}≀∇⟩⊔⟨⇕ ∇⌉∫√⌉⌋⊔⟩⊑⌉↕†↙ F≀∇ MDG ⊣\⌈ QCD⇔ ⊔⟨⌉ ⟩⇕√∇≀⊑⌉⇕⌉\⊔ ⟩∫ ⇕⟩\⟩⇕⊣↕↙ I\ ⊔⟨⌉∫⌉ ⌊⌉\⌋⟨⇕⊣∇‖∫⇔ ⊔⟨⌉ ≀⊑⌉∇⊣↕↕ {⊣↕∫⌉ ∫⟨⊣∇⟩\} ⇕⟩∫∫ ∇⊣⊔⌉∫ ⊣∇⌉ ⌈≀⇕⟩↖ \⊣⊔⌉⌈ ⌊† ⌋⊣⌋⟨⌉ ⟩\⊑⊣↕⟩⌈⊣⊔⟩≀\∫ ⊣⊔ √∇≀⌋⌉⌈⊓∇⌉ ⌊≀⊓\⌈⊣∇⟩⌉∫↙ N≀⊔⌉ ⊔⟨⊣⊔ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ⟩⇕√∇≀⊑⌉⇕⌉\⊔ ⌊† ⊔⟨⌉ ⊣∇∇⊣† ⊣↕}≀∇⟩⊔⟨⇕ ⟩∫ ⌈⟩∇⌉⌋⊔↕† √∇≀√≀∇⊔⟩≀\⊣↕ ⊔≀ ⊔⟨⌉ √⌉∇⌋⌉\⊔⊣}⌉ ≀{ ⊔⟨⌉ ∫⟨⊣∇⌉⌈ ⇕⌉⇕↖ ≀∇† ∇⌉{⌉∇⌉\⌋⌉∫ ⊣\⌈ ⊔⟨⌉ ∇⌉↕⊣⊔⟩⊑⌉ ⌈⌉⌋∇⌉⊣∫⌉ ⟩\ ⊔⟨⌉ √≀⊔⌉\⊔⟩⊣↕ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉∫ ⇕⊣∇‖⌉⌈ ⌊† ⊔⟨⌉ ⊣∇∇⊣† ⊣↕}≀∇⟩⊔⟨⇕ ≀⊑⌉∇ ⊔⟨⌉ ∫⌋⊣↕⊣∇ ≀\⌉↙

▽↙ P∇⌉⊑⟩≀⊓∫ ⊒≀∇‖ T⟨⌉∇⌉ ⟨⊣⊑⌉ ⌊⌉⌉\ ∫⌉⊑⌉∇⊣↕ ∫⊔⊓⌈⟩⌉∫ ≀\ ⊔⟨⌉ ⌋≀⇕√⟩↕⌉∇ ⊣↕}≀↖ ∇⟩⊔⟨⇕∫ {≀∇ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉ ⌈⌉⊔⌉⌋⊔⟩≀\ ∪⇔ ∃⊎↙ A⇕≀\} ⊔⟨⌉⇕⇔ ≀\↕† C⟨⌉≀\} ⊣\⌈ V⌉⟩⌈⌉\⌊⊣⊓⇕ ⟩\⌋↕⊓⌈⌉⌈ ⊣ ⌋≀⇕√⟩↕⌉∇ ⟩⇕√↕⌉↖ ⇕⌉\⊔⊣⊔⟩≀\ ∫⊔⊓⌈† ⊓∫⟩\} P⊣∇⊣{∇⊣∫⌉ ∪⊎↙ T⟨⌉† √⟩≀\⌉⌉∇⌉⌈ ⊣ ⌋≀⇕↖

⌊⟩\⊣⊔⟩≀\ ≀{ ∫⌋⊣↕⊣∇ ⌈⊣⊔⊣↖⊙≀⊒ ⊣\⊣↕†∫⟩∫ ⊣\⌈ }∇⊣√⟨ ⊣↕}≀∇⟩⊔⟨⇕∫ ⊔≀ ⊘\⌈ √≀⊔⌉\⊔⟩⊣↕ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉∫↙ I\ ∪∃⊎⇔ ⊒⌉ √∇≀√≀∫⌉⌈ ⊣ ∫⟩⇕↖ √↕⌉∇ ⊣↕}≀∇⟩⊔⟨⇕ ⊔⟨⊣⊔ ⊣↕∫≀ √∇≀⌈⊓⌋⌉∫ ⊣⌈⌈⟩⊔⟩≀\⊣↕ ⟩\{≀∇⇕⊣⊔⟩≀\ {≀∇ ⊣ \⌉⊒ ⌋≀⇕√⟩↕⌉∇↖⌈⟩∇⌉⌋⊔⌉⌈ ⌋⊣⌋⟨⌉ ⌋≀⟨⌉∇⌉\⌋⌉ ∫⌋⟨⌉⇕⌉↙ T⟨⊣⊔ ⊣↕↖ }≀∇⟩⊔⟨⇕ ⌉↕⟩⇕⟩\⊣⊔⌉∫ ⊔⟨⌉ }∇⊣√⟨ ⌋≀\∫⊔∇⊓⌋⊔⟩≀\ √⟨⊣∫⌉ ≀{ ∪⊎⇔ ⌊⊓⊔ ⟩⊔ ⇕⊣† ≀⊑⌉∇⌉∫⊔⟩⇕⊣⊔⌉ ⊔⟨⌉ √≀⊔⌉\⊔⟩⊣↕ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉∫ ⌊† ∫⊓⇕⇕⊣↖ ∇⟩‡⟩\} ⟩\{≀∇⇕⊣⊔⟩≀\ {∇≀⇕ ⇕⊓↕⊔⟩√↕⌉ ⌋≀\⊔∇≀↕ ⊙≀⊒ √⊣⊔⟨∫↙ B≀⊔⟨ ⊣↕}≀∇⟩⊔⟨⇕∫ ⊔∇⌉⊣⊔ ⌉⊣⌋⟨ ⊣∇∇⊣† ⊣∫ ⊣ ∫⟩\}↕⌉ ⊑⊣∇⟩⊣⌊↕⌉↙ T⟨⌉∇⌉ ⟨⊣⊑⌉ ⌊⌉⌉\ ⇕⊣\† ∫⊔⊓⌈⟩⌉∫ ≀\ ⊣∇∇⊣† ⌈⊣⊔⊣↖⊙≀⊒ ⊣↕}≀↖ ∇⟩⊔⟨⇕∫↙ G∇⊣\∫⊔≀\ √∇≀√≀∫⌉⌈ ⊣↕}≀∇⟩⊔⟨⇕∫ ⊔≀ ⌈⌉⊔⌉⌋⊔ ∇⌉⌈⊓\⌈⊣\⊔ ⊣∇∇⊣† ∇⌉{⌉∇⌉\⌋⌉∫ ∪∞▽⊎↙ F⌉⊣⊓⊔∇⟩⌉∇ ∪∞△⊎ }⊣⊑⌉ ⊣\ ⊣↕}≀∇⟩⊔⟨⇕ ⊔≀ ⌋⊣↕⌋⊓↕⊣⊔⌉ ⊔⟨⌉⇕ ⌉§⊣⌋⊔↕†↙ P⊓}⟨ ∪∈∞⊎ ⌈⌉⊑⌉↕≀√⌉⌈ ∫≀⇕⌉ ⌉§⊣⌋⊔ ⊔⌉⌋⟨\⟩∐⊓⌉∫ ⊔⟨⊣⊔ ⊣∇⌉ ∫⊓⌊∫⊔⊣\⊔⟩⊣↕↕† {⊣∫⊔⌉∇ ⊔⟨⊣\ F⌉⊣⊓⊔∇⟩⌉∇≃∫↙ O⊓∇ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ⟩∫ ⌊⊣∫⌉⌈ ≀\ ⊔⟨⌉ ∇⌉}⊓↕⊣∇ ∫⌉⌋⊔⟩≀\ ⊣\⊣↕†∫⟩∫∪▽⊎⇔ ⊒⟨⟩⌋⟨ ⟩∫ ↕⌉∫∫ ⊣⌋⌋⊓∇⊣⊔⌉ ⌊⊓⊔ ⊣↕↕≀⊒∫ ↕⊣∇}⌉ √∇≀}∇⊣⇕∫ ⊔≀ ⌊⌉ ⊣\⊣↖ ↕†‡⌉⌈ ⌉{⊘⌋⟩⌉\⊔↕†↙ I\ ∪∞′⊎⇔ ⊒⌉ ⌈⟩∫⌋⊓∫∫ ⟨≀⊒ ≀⊓∇ ⊣↕}≀∇⟩⊔⟨⇕ ⌋⊣\ ⌊⌉ ⊣√√↕⟩⌉⌈ ⊔≀ ⌉§⟩∫⊔⟩\} ⌋≀⇕√⟩↕⌉∇↖⌈⟩∇⌉⌋⊔⌉⌈ ⌋≀⟨⌉∇⌉\⌋⌉ ∫⌋⟨⌉⇕⌉∫ ∪⇎ ∃⊎↙

↙̸ C≀\⌋↕⊓∫⟩≀\ P∇⟩⊑⊣⊔⌉ ⌋⊣⌋⟨⌉∫ ⌋⊣\ }∇⌉⊣⊔↕† ⟩⇕√∇≀⊑⌉ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ≀{ ↕⊣∇}⌉↖∫⌋⊣↕⌉ ∫⟨⊣∇⌉⌈↖⇕⌉⇕≀∇† ⇕⊓↕⊔⟩√∇≀⌋⌉∫∫≀∇∫ ⟩{ ⊔⟨⌉† ⌋⊣\ ⌊⌉ ⊓∫⌉⌈ ⊔≀ ⌋⊣⌋⟨⌉ ∇⌉⇕≀⊔⌉ ∫⟨⊣∇⌉⌈ ⌈⊣⊔⊣↙ H≀⊒⌉⊑⌉∇⇔ ⇕⊣⟩\⊔⊣⟩\⟩\} ⌋⊣⌋⟨⌉ ⌋≀⟨⌉∇⌉\⌋⌉ {≀∇ ∫⊓⌋⟨ ∫†∫⊔⌉⇕∫ ⟩∫ ∫⊔⟩↕↕ ⊣ ⌋⟨⊣↕↕⌉\}⌉↙ H⊣∇⌈↖ ⊒⊣∇⌉ ⌈⟩∇⌉⌋⊔≀∇⟩⌉∫ ⌋⊣\ ⌊⌉ ⊓∫⌉⌈ ⊔≀ ⇕⊣⟩\⊔⊣⟩\ ⌋≀⟨⌉∇⌉\⌋⌉ ⌊⊓⊔ ∇⌉↖ ∐⊓⟩∇⌉ ⌋≀⇕√↕⟩⌋⊣⊔⌉⌈ ⟨⊣∇⌈⊒⊣∇⌉ ⌈⟩∇⌉⌋⊔≀∇†∝⌋⊣⌋⟨⌉ ⌋≀\⊔∇≀↕↕⌉∇∫↙ I\ ⊔⟨⟩∫ √⊣√⌉∇⇔ ⊒⌉ ⌈⌉⊑⌉↕≀√ ⊣\⌈ ⟩⇕√↕⌉⇕⌉\⊔ ⊣ ⌋≀⇕√⟩↕⌉∇ ⊣↕}≀∇⟩⊔⟨⇕ ⊔⟨⊣⊔ ⇕⊣⟩\⊔⊣⟩\∫ ⌋⊣⌋⟨⌉ ⌋≀⟨⌉∇⌉\⌋⌉ ⊒⟩⊔⟨≀⊓⊔ ∇⌉∐⊓⟩∇⟩\} ∫⊓⌋⟨ ⌉§↖ √⌉\∫⟩⊑⌉ ⟨⊣∇⌈⊒⊣∇⌉↙ T⟨⌉ ⊣↕}≀∇⟩⊔⟨⇕ ⌉↕⟩⇕⟩\⊣⊔⌉∫ ⊓\\⌉⌋⌉∫∫⊣∇† ∇⌉⇕≀⊔⌉ ⇕⌉⇕≀∇† ⊣⌋⌋⌉∫∫⌉∫ ⌊† ⌈⌉⊔⌉⌋⊔⟩\} √≀⊔⌉\⊔⟩⊣↕ ∫⊔⊣↕⌉ ∇⌉{⌉∇↖ ⌉\⌋⌉∫ ⊣⊔ ⌋≀⇕√⟩↕⌉ ⊔⟩⇕⌉↙ T⟨⟩∫ ⊣↕}≀∇⟩⊔⟨⇕ ⌋⊣\ ⌊⌉ ⟩\⌋≀∇√≀∇⊣⊔⌉⌈ ⟩\⊔≀ ⌉§⟩∫⊔⟩\} MPP ∫†∫⊔⌉⇕∫ ⊔⟨⊣⊔ ⌈≀ \≀⊔ ⟨⊣⊑⌉ ⟨⊣∇⌈⊒⊣∇⌉ ⌋≀⟨⌉∇↖ ⌉\⌋⌉ ∫⊓√√≀∇⊔ ∫⊓⌋⟨ ⊣∫ C∇⊣† T∋D↙ T⟨⌉ ⊣↕}≀∇⟩⊔⟨⇕ ⊓∫⌉∫ ⊔⊒≀ ⊣\⊣↕†∫⟩∫ ⊔⌉⌋⟨\⟩∐⊓⌉∫↙ F⟩∇∫⊔⇔ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉ ⌈⌉⊔⌉⌋⊔⟩≀\ ⊘\⌈∫ ⊔⟨⌉ ⇕⌉⇕≀∇† ∇⌉{⌉∇⌉\⌋⌉ √⊣⊔⊔⌉∇\∫ ⊔⟨⊣⊔ ⇕⊣† ⊑⟩≀↕⊣⊔⌉ ⌋⊣⌋⟨⌉ ⌋≀⟨⌉∇⌉\⌋⌉↙ T⟨⌉ ∫⊔⊣↕⌉ ∇⌉{⌉∇⌉\⌋⌉ ⌈⌉⊔⌉⌋⊔⟩≀\ ⟩∫ ⌊⊣∫⌉⌈ ≀\ ⊣ \⌉⊒ ⌋≀\⌈⟩⊔⟩≀\ {≀∇ ∫⊔⊣↕⌉ ⊣⌋⌋⌉∫∫↙ I⊔ ⌋≀\∫⟩⌈⌉∇∫ ⌊≀⊔⟨ ⟩⇕√↕⟩⌋⟩⊔ RAW ⊣\⌈ WAW ⌈⌉√⌉\⌈⌉\⌋⌉∫ ⌋⊣⊓∫⌉⌈ ⌊† {⊣↕∫⌉ ∫⟨⊣∇⟩\} {∇≀⇕ ⇕⊓↕⊔⟩↖⊒≀∇⌈ ⌋⊣⌋⟨⌉ ↕⟩\⌉∫↙ S⌉⌋≀\⌈⇔ ↕≀⌋⊣↕⟩⊔† √∇⌉↖ ∫⌉∇⊑⟩\} ⊣\⊣↕†∫⟩∫ ⇕⟩\⟩⇕⟩‡⌉∫ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ ∫⊓⌋⟨ ∇⌉{⌉∇⌉\⌋⌉∫

⌊† ⊣\⊣↕†‡⟩\} ⌊≀⊔⟨ ⊔⌉⇕√≀∇⊣↕ ⊣\⌈ ∫√⊣⊔⟩⊣↕ ∇⌉⊓∫⌉∫↙ F≀∇ ⇕≀∇⌉ √∇⌉⌋⟩∫⌉ ⊣∇∇⊣† ⊣⌋⌋⌉∫∫ ⟩\{≀∇⇕⊣⊔⟩≀\⇔ ⊒⌉ ⌋≀⇕√⊓⊔⌉ ⊔⟨⌉ ∇⌉}⟩≀\∫ ∇⌉{⌉∇⌉\⌋⌉⌈ ⌊† ⊣∇∇⊣†∫ ⟩\∫⟩⌈⌉ ↕≀≀√∫↙ F≀∇ ∫†⇕⌊≀↕⟩⌋ ⊣\⊣↕†∫⟩∫ {≀∇ ⊣∇∇⊣†∫⇔ ⊒⌉ ⊓∫⌉ ⊔⟨⌉ GSA {≀∇ ⌈⌉⇕⊣\⌈↖⌈∇⟩⊑⌉\ ∫†⇕⌊≀↕⟩⌋ ⊣\⊣↕†↖ ∫⟩∫↙ W⌉ ⟩⇕√↕⌉⇕⌉\⊔⌉⌈ ⊔⟨⌉ ⊣↕}≀∇⟩⊔⟨⇕ ≀\ ⊔⟨⌉ P≀↕⊣∇⟩∫ √⊣∇⊣↕↕⌉↕⟩‡↖ ⟩\} ⌋≀⇕√⟩↕⌉∇⇔ ⊣\⌈ ⌈⌉⇕≀\∫⊔∇⊣⊔⌉ ⊔⟨⌉ √⌉∇{≀∇⇕⊣\⌋⌉ }⊣⟩\⌉⌈ ⌊† ⊔⟨⌉ ⊣↕}≀∇⟩⊔⟨⇕ ⊔⟨∇≀⊓}⟨ ⌉§⌉⌋⊓⊔⟩≀\↖⌈∇⟩⊑⌉\ ∫⟩⇕⊓↕⊣⊔⟩≀\∫ ⊓∫⟩\} P⌉∇{⌉⌋⊔ ⌊⌉\⌋⟨⇕⊣∇‖∫↙ O⊓∇ ∇⌉∫⊓↕⊔∫ ∫⟨≀⊒ ⊔⟨⊣⊔⇔ {≀∇ ⇕≀∫⊔ ⌊⌉\⌋⟨⇕⊣∇‖∫⇔ ⊔⟨⌉ ⌋≀⇕↖ √⟩↕⌉∇ ⊣↕}≀∇⟩⊔⟨⇕ ⌋⊣\ ⟩⇕√∇≀⊑⌉ ⌋⊣⌋⟨⌉ ⊓⊔⟩↕⟩‡⊣⊔⟩≀\ ∫⟩}\⟩⊘⌋⊣\⊔↕† ⌊† ⌋⊣⌋⟨⟩\} ∇⌉⇕≀⊔⌉ ∫⟨⊣∇⌉⌈ ⌈⊣⊔⊣↙ H≀⊒⌉⊑⌉∇⇔ ⌋⊣⌋⟨⌉ ⟩\⊑⊣↕⟩⌈⊣↖ ⊔⟩≀\∫ ⊣⊔ √∇≀⌋⌉⌈⊓∇⌉ ⌊≀⊓\⌈⊣∇⟩⌉∫ ⌋⊣\ ∫≀⇕⌉⊔⟩⇕⌉∫ ⟩\⌋∇⌉⊣∫⌉ {⊣↕∫⌉ ∫⟨⊣∇⟩\} ⇕⟩∫∫⌉∫ ⊓\\⌉⌋⌉∫∫⊣∇⟩↕† ⌊⌉⌋⊣⊓∫⌉ ≀{ ⊔⟨⌉ ⟩\⊑⊣↕⟩⌈⊣⊔⟩≀\ ≀\ ⌊≀⊔⟨ ↕≀⌋⊣↕ ⊣\⌈ ∫⟨⊣∇⌉⌈ ⌈⊣⊔⊣↙ T⟨⟩∫ ∫⊓}}⌉∫⊔∫ ⊔⟨⊣⊔ ⟩⊔ ⟩∫ ⟩⇕√≀∇↖ ⊔⊣\⊔ ⊔≀ ⌉§√↕≀⟩⊔ ⌈⊣⊔⊣ ↕≀⌋⊣↕⟩⊔† ⊣⌋∇≀∫∫ √∇≀⌋⌉⌈⊓∇⊣↕ ⌊≀⊓\⌈⊣∇⟩⌉∫↙ W⌉ ⊣↕∫≀ ⌈⌉⇕≀\∫⊔∇⊣⊔⌉ ⟨≀⊒ ⊔⟨⌉ ⊣∇∇⊣† ⌈⊣⊔⊣↖⊙≀⊒ ⊣↕}≀∇⟩⊔⟨⇕ ⌋⊣\ {⊓∇⊔⟨⌉∇ ⟩⇕√∇≀⊑⌉ ⌋⊣⌋⟨⌉ ⊓⊔⟩↕⟩‡⊣⊔⟩≀\ ≀⊑⌉∇ ⊣ ∫⌋⊣↕⊣∇ ⊣↕}≀∇⟩⊔⟨⇕↙ Acknowledgements The research described in this pa per was supported in part by the NSF Grant No▷ MIP 8920891 and MIP 9307910▷ Special thanks go to David Poulsen at KAI for his numerous help for the development of executiondriven simulations▷ We also wish to thank the Polaris group members Peng Tu Jay Hoeβinger and Prof▷ David Padua for their guidance on the implementation of the array dataβow analysis on the Polaris compiler▷ Finally we thank Lawrence Rauchwerger and IBM for providing us for the RS6000 clusters for simulations▷

References

[1] S. V. Adve, M. D. Hill, and M. K. Vernon. Comparison of hardware and software cache coherence schemes. Proceedings of the 18th Annual International Symposium on Computer Architecture, pages 298�308, May 1991.

[2] A. Agarwal and et al. The mit alewife machine: A large-scale distributed-memory multiprocessor. Proceedings of Workshop on Scalable Shared Memory Multiprocessors, 1991.

[3] R. Ballance, A. Maccabe, and K. Ottenstein. The program dependence web: a representation supporting control- dataand demand-driven interpretation of imperative languages. Proceedings of the Conference on Programming Language Design and Implementation, pages 257�271, June 1990.

[4] M. Berry et al. The perfect club benchmarks: Effective performance evaluation of supercomputers. International Journal of Supercomputer Applications, 3(3):5�40, Fall 1989.

[5] D. Callahan and K. Kennedy. Analysis of interprocedural side effects in a parallel programming environment. Journal of Parallel and Distributed Computing, 5:517�550, 1988.

[6] H. Cheong. Life span strategy - a compiler-based approach to cache coherence. Proceedings of the 1992 International Conference on Supercomputing, July 1992.

[7] H. Cheong and A. Veidenbaum. Stale data detection and coherence enforcement using �ow analysis. Proceedings of the 1988 International Conference on Parallel Processing, I, Architecture:138�145, August 1988.

[8] T. Chiueh. A generational approach to software-controlled multiprocessor cache coherence. Proceedings of the International Conference on Parallel Processing, 1993.

[9] L. Choi and P.-C. Yew. A compiler-directed cache coherence scheme with improved intertask locality. Proceedings of the ACM/IEEE Supercomputing’94, November 1994.

[10] L. Choi and P.-C. Yew. Hardware and compiler support for cache coherence in large-scale multiprocessors. Technical Report, University of Illinois, Computer Science Department, Ph.D. Thesis, Feb. 1996.

[11] R. Cytron, J. Ferrante, and B. K. Rosen. Ef�ciently computing static single assignment form and the control dependence graph. ACM Transactions on Programming Languages and Systems, 13(4):451�490, Oct. 1991.

[12] E. Darnell, K. Kennedy, and Mellor-Crummey. Automatic software cache coherence through vectorization. Proceedings of the International Conference on Supercomputing, Nov. 1992.

[13] S. J. Eggers and R. H. Katz. A characterization of sharing in parallel programs and its application to coherency protocol evaluation. Proceedings of the 15th Annual International Symposium on Computer Architecture, June 1988.

[14] P. Feautrier. Data�ow analysis of array and scalar references.

International Journal of Parallel Programming, 20(1), Feb. 1991.

[15] E. D. Granston and A. V. Veidenbaum. Detecting redundant accesses to array data. Proceedings of the Supercomputing ’91, Nov. 1991.

[16] C. R. Inc. Cray T3D System Architecture Overview. Mar.

1993.

[17] D. Lenoski, J. Laudon, K. Gharachorloo, A. Gupta, and J. Hennessy. The directory-based cache coherence protocol for the dash computer. Proceedings of the 17th Annual International Symposium on Computer Architecture, pages 148�159, May 1990.

[18] S. L. Min and J.-L. Baer. Design and analysis of a scalable cache coherence scheme based on clocks and timestamps. IEEE Transactions on Parallel and Distributed Systems, 3(1):25�44, January 1992.

[19] D. A. Padua and et al. Polaris: A new-generation parallelizing compiler for mpps. CSRD Rept. No. 1306. Univ. of Illinois at Urbana-Champaign, June 1993.

[20] D. K. Poulsen and P.-C. Yew. Execution-driven tools for parallel simulation of parallel architectures and applications. Proceedings of the Supercomputing 93, Nov. 1993.

[21] W. Pugh and D. Wonnacott. An evaluation of exact methods for analysis of value-based array data dependences. Sixth Annual Workshop on Languages and Compilers for Parallel Computing, August 1993.

[22] P. Tu. Automatic array privatization and demand-driven symbolic analysis. Technical report, Univ. of Illinois at Urbana- Champaign, Dept. of Computer Science, Ph.D. Thesis, 1995.

[23] A. V. Veidenbaum. A compiler-assisted cache coherence solution for multiprocessors. Proceedings of the 1986 International Conference on Parallel Processing, August 1986.

[24] M. E. Wolf. Improving locality and parallelism in nested loops. Technical report, Stanford University, Dept. of Computer Science, Ph.D. Thesis., August 1992.