47Chapter 5Improving Parallel ChinookThe experimental results show that Principal Variation Splitting�s (PVSplit) poor speedups aremainly due to processor starvation. However, the impact of uneven load balancing, due tostragglers, is also a factor in causing the poor speedups. In this chapter, we considertechniques to deal with both the starvation and the load balancing problem. Experimental datais gathered using the Tinsley-Chinook˚1992 test suite to show the benefits of the newstrategies.5.1Reducing Starvation: Principal Variation Frontier SplittingSince the low branching factor of checkers game trees leads to searcher starvation, the issue ofhow to create sufficient parallel work needs to be addressed. One obvious possibility is toallow multiple split nodes, which increases the degree of parallelism. The Zugzwang approachand the DBTE algorithms depend fundamentally on multiple split nodes, but adopting one ofthose algorithms would require a substantial reworking of ParaChinook. If the variationsplitting framework of PVSplit is to be maintained, how the extra split nodes are chosen raisessome interesting design decisions.First, since most of the search effort is along the principal variation, the candidate split nodesshould probably be on the principal variation as well. More generally, if the algorithmrecursively calls itself for non-principal variation lines of play, then the current variation fromroot to leaf node should contain the candidate split nodes. Dynamic PVSplit (DPVSplit) alsorecognizes this observation.Second, the subtrees rooted at the upper nodes of the principal variation represent the coarsest-grained units of work because the subtrees are deeper. In other words, split nodes locatedcloser to the root of the tree contain higher granularity work than split nodes located closer tothe leaves. Therefore, if there is no work to be given out at the current split node, then the newsplit node should be above the ply of the current split node instead of below it. DPVSplit also

48allows multiple split nodes, but those split nodes are closer to the leaves of the tree andpotentially suffer from low granularity.Third, and lastly, there should be a preference for splitting ALL nodes before CUT nodes. In astrongly ordered game tree, it is likely that the first subtree will generate the cutoff at a CUTnode. Therefore, concurrently searching multiple subtrees of a CUT node in an attempt tocreate more parallel work may simply be creating unnecessary work. However, if given achoice of either splitting a CUT node or allowing searchers to starve, the CUT node could besplit.Based on these observations, a new variation of PVSplit is introduced. Principal VariationFrontier Splitting (PVFSplit) supports multiple split nodes along the current variation. Thefrontier splitting technique is analogous to the general notion of the frontier nodes of a tree,where the search is being expanded. The algorithm is a depth-first strategy that addresses thepractical issues of work granularity and the ALL/CUT node structure of the Alpha-Beta gametree. Consequently, a newly created split node is located on the current variation, it is closer tothe root of the game tree than the current split node and splitting ALL nodes is preferred tosplitting CUT nodes.The impact of frontier splitting is two-fold. First, searchers do not need to starve if the parallelwork at a split node is exhausted. A new split node with more work may be created. Second,as a positive side effect, frontier splitting reduces the effective synchronization fan-in at splitnodes. By the time the last search result of a split node is returned, the other searchers are,ideally, already working at a different split node instead of waiting to synchronize. However,strictly speaking, frontier splitting does not completely eliminate synchronization fan-in.Because the split nodes can only exist on the current variation, the processors must stillsynchronize at the root node. Rather than synchronizing at each split node, as is the case ofPVSplit, the root node is the only synchronization point under PVFSplit. Of course, even thissynchronization requirement can be eliminated if one wishes to allow multiple variations fromthe root position to be searched in parallel. The current version of ParaChinook does not allowmultiple variation splitting.The biggest drawback of PVFSplit is that the searches rooted at the new split node may have tobe initiated without the benefit of the bounds information returned by the first subtree.PVFSplit trades off the potential of more search overhead for the potential benefits of reducedstarvation through multiple split nodes. Without bounds information, we are faced with eitherallowing a full window search of the subtrees or we can use heuristics to create an artificial

49minimal window. In the current implementation of PVFSplit, a minimal window isheuristically created for all split nodes greater than 7 plies from the leaf nodes. The best scoreat the deepest split node is the basis of the minimal window. If no such score is available, thenthe value of the current subtree from the last iteration of iterative deepening is used.Figure 5.1 contains the pseudo-code for the Principal Variation Frontier Splitting algorithm.The shading highlights the main differences between PVSplit and PVFSplit.The Value[] array is now two-dimensional since each node of the current variation couldpotentially be a split node under PVFSplit. Some new local variables (newPly, heurAlpha,heurBeta and pNew) are also defined.The call to isAnALLNode() before assigning work from the current split node makes explicitwhat was implicit in the pseudo-code and discussion of PVSplit: if the current variation is notthe principal variation, it may contain CUT nodes. Therefore, if the current split node is anALL node, then the subtrees are farmed out to parallel searchers. If the current split node is aCUT node, then each subtree is searched in sequence with a recursive call to PVFSplit.A new body of pseudo-code deals with choosing and assigning work from a new split nodebefore PVFSplit can recurse out of the current split node. This is the key to allowing multiplesplit nodes on the current variation. The function GetOtherSplitNode() selects the split nodefrom among the candidate nodes along the current variation. If the current split node is at plyn, then the nodes at plies n - 1, n - 2, n - 3, etc. back to the root are in decreasing order ofpreference. Another consideration is whether the node is an ALL node or a CUT node. EveryALL node on the current variation must already be split and exhausted of work before a CUTnode is selected. But if the alternative is starvation, a CUT node is selected to be a split node.Once the new split node is selected, SynthMinWindow() is used to decide on the searchwindow to use for the search. As discussed earlier, full window searches are only allowedwithin 7 plies of the leaf nodes. Otherwise, a heuristic minimal window is synthesized.One important aspect of ParaChinook�s implementation of PVFSplit not included in thepseudo-code, to improve its clarity, deals with cutoffs. It is possible for a cutoff to occur at asplit node that is closer to the root node than the current split node. Such a condition is detectedand PVFSplit immediately backs up to the split node where the cutoff occurred. Thisphenomenon is an important advantage of PVFSplit over PVSplit because that cutoff wouldnot have been detected until the algorithm, after much more searching, systematically backedup to that higher node. 50 VAR { Changed Global Variable }

Value:array[ 1..MAX_DEPTH ] of{ Results of each subtree at each ply } array[ 1..MAX_WIDTH ] of integer;FUNCTIONPVFSplit( p : position; alpha, beta, ply : integer ) : integer;VARindex, value : integer;{ Index and value of current move }move : moveType;{ Current move being searched } newPly : integer;{ Ply of new split node with work } heurAlpha, heurBeta : integer;{ Window for new split node } pNew : position;{ Position of new split node }BEGIN { PVFSplit }{ Check if at threshold for minimum granularity. Do not recurse to leaves. }if ( ply = ( TreeDepth - MinGranularity ) ) thenreturn( PVS( p, alpha, beta, ply ) ); { Yes. Do sequentially. }{ Generate legal moves and order them }Width[ ply ] := legalMoves( p, Moves[ ply ] );{ Store moves in Moves[] }if ( Width[ ply ] = 0 ) then{ Any legal moves in this position? }return( Evaluate( p ) );{ No. In checkers, this is a loss }orderMoves( Moves[ ply ] );{ Yes. Do move ordering }{ Set up global variables }Index[ ply ] := 2;{ Continue with other subtrees, later }Alpha[ ply ] := alpha;Beta[ ply ] := beta;WorkOut[ ply ] := 0;{ Search results still outstanding }{ Search first ordered move with full window. Unroll the loop by one }Score[ ply ] :=-PVFSplit( p.Move[ ply ][ 1 ],-Beta[ ply ], -Alpha[ ply ], ply + 1 );Value[ ply ][ 1 ] := Score[ ply ];Best[ ply ] := 1;if ( Score[ ply ] ‡ Beta[ ply ] ) then{ Cutoff after pv? }Index[ ply ] := ¥;{ Yes. Will never enter loop }Alpha[ ply ] := MAX( Alpha[ ply ], Score[ ply ] );{ Improve window? }{ Search each sibling subtree with minimal window }{ Split node incomplete if there are local subtrees unsearched or if there are searchers still to return }while ( ( Index[ ply ] £ Width[ ply ] ) OR ( WorkOut[ ply ] > 0 ) ) do begin { while }if ( �$ idle searcher� AND Index[ ply ] £ Width[ ply ] ) then begin { Local work out }{ Search each local subtree }index := Index[ ply ];{ An unique move leads to the subtree }move := Moves[ ply ][ index ];Index[ ply ] := Index[ ply ] + 1; { Advance index } if ( isAnALLNode( p ) ) then{ Respect ALL/CUT node structure } begin { Local ALL node }

Value[ ply ][ index ] :={ Search in parallel }

-FarmWork( p.move,{ Negamax value and minimal window }

-Alpha[ ply ] - 1, -Alpha[ ply ], ply + 1 );

WorkOut[ ply ] := WorkOut[ ply ] + 1; { Keep track of work given } end { Local ALL node } elseValue[ ply ][ index ] :={ Search in sequence }

-PVFSplit( p.move,{ Negamax value and minimal window }

-Alpha[ ply ] - 1, -Alpha[ ply ], ply + 1 ); end; { Local work out }

51{ While-loop continuation } else if ( �$ idle searcher� ) then{ If no more local work } begin { Non-local work out }{ ...give work from other split node } newPly := GetOtherSplitNode( pNew );{ Magical function } index := Index[ newPly ];{ An unique move leads to the subtree } move := Moves[ newPly ][ index ];

Index[ newPly ] := Index[ newPly ] + 1; { Advance index }

SynthMinWindow( pNew, heurAlpha, heurBeta ); { Might use min window }

Value[ newPly ][ index ] :={ Negamax value and minimal window }

-FarmWork( pNew.move,{ pNew is the split node }

-heurBeta, -heurAlpha, newPly + 1 );

WorkOut[ newPly ] := WorkOut[ newPly ] + 1;{ Keep track of work given } end; { Non-local work out }else if ( index := ReturnedResult() ) then begin { Local results in }value := Value[ ply ][ index ];WorkOut[ ply ] := WorkOut[ ply ] - 1; { Work received }if ( value > Score[ ply ] ) then { Score improved, but did it fail high? } begin { Update Best }if ( value > Alpha[ ply ] and value < Beta[ ply ] ) then beginValue[ ply ][ index ] :={ Yes. Re-search }-FarmWork( p.move, -Beta[ ply ], -value, ply + 1 );WorkOut[ ply ] := WorkOut[ ply ] + 1; { Still not finished } end;elseScore[ ply ] := value;{ No }Best[ ply ] := index; end; { Update Best }if ( Score[ ply ] ‡ Beta[ ply ] ) then{ Cutoff? } beginIndex[ ply ] := ¥;{ Yes. Force exit from loop }interruptSearchers();{ Tell searchers to stop and return } end;Alpha[ ply ] := MAX( Alpha[ ply ], Score[ ply ] );{ Improve window? } end; { Local results in } end; { while }return( Score[ ply ] );{ Done. Return best score }END; { PVFSplit }Figure 5.1 - ParaChinook�s Principal Variation Frontier Splitting (PVFSplit)(Shading indicates key changes from PVSplit(). Boxes group key functionality.)

525.2Experimental Results: Principal Variation Frontier SplittingTable 5.1 shows the average speedups achieved by PVFSplit on the test suite for 2, 4, 8 and 16searchers. Appendix C contains the detailed experimental data. The best average speedup is2.91, achieved with 16 searchers for a speedup efficiency of 18%. Although this is a 52%improvement in speedup over PVSplit, it is still low in absolute terms as reflected by the lowspeedup efficiency. However, a speedup of 2.91 does translate into more than one additionalply of search in the same amount of time [SCT92].

Speedup

% Search Overhead

% Time Idle

Searchers

AverageStandardDeviationAverageStandardDeviationAverageStandardDeviation21.480.3258.7617.412.84.9042.030.54624.326.330.88.1782.710.80346.446.348.87.74162.911.0783.563.567.17.00Table 5.1 � Principal Variation Frontier Splitting (PVFSplit) Parallel Performance(speedup, search overhead and idle time)

53Figure 5.2 is the speedup graph for PVFSplit, with a vertical bar representing one standarddeviation. As a basis for comparison, the speedup curve for PVSplit is reproduced. AlthoughPVFSplit increases the absolute speedup numbers, it does not change the basic shape of thecurve. As searchers are added, the speedup curve flattens to reflect the diminishing returns.

024681012141618Speedup024681012141618Searchers

PVFSplit

PVSplit Linear Figure 5.2 � Principal Variation Frontier Splitting (PVFSplit) Speedups(vertical bar indicates one standard deviation)With PVSplit, there is a trade-off between having low search overhead and high idle time. Analgorithm such as PVFSplit makes the reverse trade-off and increases search overhead in orderto reduce idle time.

54Inherent in a multiple split node algorithm such as PVFSplit is the risk of higher searchoverheads due to information deficiency regarding cutoffs and window bounds. In Figure 5.3,we can see that PVFSplit, by being more aggressive than PVSplit in splitting nodes, alsosuffers from significantly higher search overhead. Of course, the bottom line is that despite thehigher search overhead, PVFSplit�s speedup is higher.

-140%-120%-100%-80%-60%-40%-20%-0%20%40%60%80%100%120%140%% SearchOverhead024681012141618Searchers

PVFSplit

PVSplit SequentialFigure 5.3 � Principal Variation Frontier Splitting (PVFSplit) Search Overhead(vertical bar indicates one standard deviation)

55Interestingly, the search overhead of PVFSplit is dramatically higher than PVSplit, the idletime of PVFSplit is modestly lower, as seen in Figure 5.4, but the speedup is still greater forPVFSplit. This suggests that the trade-off of higher search overhead for reduced idle time isbetter overall since speedup increases.

0102030405060708090100% Time Idle024681012141618Searchers

PVFSplit

PVSplitFigure 5.4 � Principal Variation Frontier Splitting (PVFSplit) Percent of Time Idle(vertical bar indicates one standard deviation)

56Despite the success in trading off search overhead for reduced idle time in PVFSplit, theamount of idle time still remains high. Referring to Figures 4.5 and 5.5, the idle time region ofthe utilization profile has decreased in size while both the speedup efficiency and otheroverheads regions have grown.0102030405060708090100% Real Time246810121416SearchersIdle TimeOther OverheadsSpeedup EfficiencyFigure 5.5 � Principal Variation Frontier Splitting (PVFSplit) Normalized Utilization ProfileReduced starvation through multiple split nodes and reduced synchronization fan-in still leavesa lot of idle time. Although the split node and synchronization policies of PVFSplit can befurther enhanced, the fact that search overhead grows as the synchronicity decreases impliesthat the overall speedup and searcher utilization properties cannot be changed. Even if the needto synchronize at the root position is eliminated, the corresponding growth in search overheadwill ensure diminishing returns for additional searchers. Furthermore, the programming andsoftware engineering effort required to debug and maintain a parallel search with so muchasynchronous behaviour would be prohibitive.Despite the reduction in idle time with PVFSplit, it is still rather high at 67.1% with 16searchers. What is causing the high idle time? First, although frontier splitting allowsPVFSplit to avoid synchronizing at each split node, there is still a need to synchronize at theroot of the game tree before the next variation an be searched. This synchronization occurs foreach subtree at the root position, and for each iteration in the iterative deepening process. Onecan easily envision a different PVFSplit in which the need to synchronize at the root node is

57removed, but that enhancement is not implemented yet in ParaChinook. Second, the numberof candidate split nodes only grows linearly with respect to the depth of the tree and, therefore,there may insufficient nodes on the current variation to keep all of the searchers busy. Recallthat with a parallelism overload factor of 5, which is the case with 16 searchers, there needs tobe 5 concurrent split nodes at all times in order to prevent starvation. Third, the impact ofstragglers has not been addressed yet. When searchers have to wait for a straggler, the result isalso idle time.5.3Improving Load Balancing: Straggler PreemptionAs discussed earlier, the amount of search effort associated with each unit of work varies.Consequently, there exists a load balancing problem when some searchers are given morework than others. Searchers that force other searchers to wait at synchronization points, oftenbecause they have been given a larger piece of work, are referred to as stragglers. Stragglerscause synchronization overhead that appears as higher idle time.Clearly, if there is a load balancing problem, the search effort should be re-balanced. Theapproach taken with Dynamic PVSplit (DPVSplit) [Sch89a] is to assign idle searchers to helpthe busy searchers. A simpler but more inefficient solution would be to interrupt the stragglerand then apply PVFSplit to the subtree that was previously assigned to the slow searcher.PVFSplit would use the idle searchers, which now includes the straggler, to search the subtreein parallel. In essence, the subtree that caused the straggler is preempted and subdivided so thatit can be searched in parallel. This is similar to the �shoot-down� procedure of the Waycoolchess program [FeO88].The main disadvantage of the interrupt-based approach is that the effort already invested intosearching the subtree is largely lost. An interrupted search is incomplete and the returned resultis useless. With DPVSplit, the straggler is not interrupted, so the parts of the subtree that havealready been searched are not lost. Still, with the help of a transposition table, the entirecomputation of the straggler is not lost when it is interrupted. The parts of the subtree that havebeen completed can be found in the transposition table. Still, the interrupt-based scheme isclearly less efficient and less elegant than DPVSplit. Its main strength is that of simplicity ofimplementation.Simplicity was also the goal in designing the definition of what constitutes a straggler. Clearly,it would be inefficient to wait until all of the searchers except for one, the obvious straggler, areidle. Therefore, when a quorum of searchers is idle for longer than a threshold length of time,

58the remaining searchers who are still computing become candidate stragglers. One of them isselected, interrupted and its subtree is searched in parallel. Currently, when more than a quarterof the searchers are idle for longer than 5 seconds, then the searcher who has been searching itsassigned subtree for the longest time is selected for preemption. The quorum definition, timethreshold and straggler choice have been derived from informal experiments. It has beenobserved that a small quorum and short time thresholds result in aggressive load balancing,which can be counter-productive if the overhead of interrupting the straggler is not outweighedby the potential benefits.Although the straggler preemption technique described above is simple, it does appear to beeffective in improving the parallel performance of both PVSplit and PVFSplit. Moresophisticated load balancing techniques may be able to further improve the speedups, but as thetechnique grows in sophistication, so does the overhead of executing it. Still, there is room forfurther exploration of load balancing strategies in the future.5.4Experimental Results: Straggler PreemptionTable 5.2 presents the speedup performance of PVSplit with the simple load balancing strategyfor stragglers. To distinguish it, PVSplit with the load balancing procedure is referred to asPVSplit-LB.

Speedup

% Search Overhead

% Time Idle

Searchers

AverageStandardDeviationAverageStandardDeviationAverageStandardDeviation21.440.34611.323.013.02.8641.890.56722.335.737.43.6982.060.53921.334.663.63.23162.000.53024.234.181.41.66Table 5.2 � Principal Variation Splitting with Load Balancing (PVSplit-LB) Parallel Performance(speedup, search overhead and idle time)For each configuration of searchers, PVSplit-LB achieves marginally higher speedups thanPVSplit by reducing the idle time due to synchronization overhead. Given the number of idle

59searchers with PVSplit, the load balancing scheme is likely to be active in preempting thesearchers who have work to reduce starvation. Load balancing and starvation prevention areclosely related concepts. However, frontier splitting tries to reduce starvation by acting apriori, before idle time accumulates, and straggler preemption tries to balance the work aposteriori, after already incurring idle time. Consequently, the performance improvement dueto frontier splitting is greater than the improvement due to straggler preemption.Interestingly, the speedup declines (marginally) between 8 and 16 searchers. It is possible thatstarvation is forcing the load balancing mechanism to frequently interrupt searchers, incurringthe overheads already discussed and decreasing overall performance.Having both starvation prevention and load balancing is better than either strategy by itself.Table 5.3 shows the improved speedup values for Principal Variation Frontier Splitting withload balancing (PVFSplit-LB). PVFSplit-LB achieves the highest performance observed sofar, with an average speedup of 3.32 with 16 searchers.

Speedup

% Search Overhead

% Time Idle

Searchers

AverageStandardDeviationAverageStandardDeviationAverageStandardDeviation21.530.40211.823.08.412.5742.180.49127.024.523.85.6182.800.77959.845.040.86.58163.321.0170.941.462.55.67Table 5.3 � Principal Variation Frontier Splitting with Load Balancing (PVFSplit-LB)Parallel Performance(speedup, search overhead and idle time)

60The speedup curves for PVSplit-LB and PVFSplit-LB are in Figure 5.5. Note that the averagespeedup for PVFSplit-LB is always higher than the average speedup for PVSplit-LB.

024681012141618Speedup024681012141618Searchers

PVFSplit-LB

PVSplit-LB Linear Figure 5.5 � PVSplit and PVFSplit with Load Balancing Speedups(vertical bar indicates one standard deviation)

61As the best performing algorithm of these experiments, PVFSplit-LB�s utilization profile,given in Figure 5.6, is worth examining. Although the idle time portion still remains asignificant part of the profile, it is substantially smaller than in the case of PVSplit without loadbalancing (Figure 4.5).0102030405060708090100% Real Time246810121416SearchersIdle TimeOther OverheadsSpeedup EfficiencyFigure 5.6 � Principal Variation Frontier Splitting (PVFSplit-LB) with Load BalancingNormalized Utilization ProfileFrontier splitting and straggler preemption have been effective in increasing the speedupefficiency of the parallel search by trading off idle time for more speedup and getting highersearch overhead as a negative side effect. Since neither search overhead nor idle time can beeliminated completely, PVSplit-based algorithms will always suffer from diminishing returns.

625.5Summary of Experimental Results: All AlgorithmsA total of four related algorithms have been evaluated. Principal Variation Splitting (PVSplit)is the basis of all of the algorithms. Because PVSplit suffers from starvation due to narrowgame trees with low branching factors, Principal Variation Frontier Splitting (PVFSplit) wasintroduced to increase the average degree of parallelism. Because both PVSplit and PVFSplitsuffer from load imbalances due to stragglers, a simple but useful straggler preemptionstrategy was implemented and evaluated.In Figure 5.7, we can see the speedup curves for all four algorithms. Although frontiersplitting and load balancing give PVFSplit-LB the best speedup curve, it remains in the samediminishing returns shape as PVSplit.

024681012141618Speedup024681012141618Searchers

PVFSplit-LB

PVFSplit PVSplit-LB

PVSplit Linear Figure 5.7 � All Algorithms Speedups(higher curves are better)

63Figure 5.8 shows the same speedup information as Figure 5.7, but with unequal axes ranges,in order to show a close-up of the speedup curves.

0.00.51.01.52.02.53.03.54.0Speedup024681012141618Searchers

PVFSplit-LB

PVFSplit PVSplit-LB

PVSplit Linear Figure 5.8 � All Algorithms (Close-Up) Speedups(higher curves are better)

64For completeness, Figures 5.9 and 5.10 show the search overhead and idle time graphs of allfour algorithms.The only anomaly occurs when the search overhead curves of PVFSplit and PVFSplit-LBcross over in Figure 5.9. Since interrupting a straggler results in the loss of partial searchresults, it is not surprising that for certain configurations of searchers, PVFSplit-LB has moresearch overhead than PVFSplit. However, it is speculated, interrupting a straggler andpreempting its subtree typically means that the subtree is searched more quickly and the searchresult may be used to improve the parameters (i.e. windows) of other searches in progresssooner, thus reducing search overhead through reduced information deficiency.

-140%-120%-100%-80%-60%-40%-20%-0%20%40%60%80%100%120%140%% SearchOverhead024681012141618Searchers

PVFSplit-LB

PVFSplit PVSplit-LB

PVSplit SequentialFigure 5.9 � All Algorithms Search Overhead(lower curves are better) 65

0102030405060708090100% Time Idle024681012141618Searchers

PVFSplit-LB

PVFSplit PVSplit-LB

PVSplitFigure 5.10 � All Algorithms Percent of Time Idle(lower curves are better)5.6Concluding RemarksFrom these experimental results, we can conclude that frontier splitting is an useful techniqueto reduce the starvation of searchers. Furthermore, the need for a load balancing strategy todeal with stragglers is also clear.In retrospect, arguing that PVFSplit, both with and without load balancing, is better thanPVSplit is somewhat unfair. Principal Variation Splitting was originally intended to form thebasis of parallel search algorithms and does not address application-dependent issues such asgame tree branching factor and stragglers. Nonetheless, the poor performance of PVSplit onnarrow checkers game trees emphasizes the close relationship between branching factor andthe potential speedup. Also, the experimental results point out that some of the successes ofcomputer chess research cannot be directly adopted in other, closely related domains.