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Number of Number of Number of Number of

Relations Groups Logical Expressions Query Trees

N -1 P (O 1N 2N-2)!/(N=1)!

2 3 4 Z

3 7 15 12

4 15 54 120

5 31 185 1680

6 63 608 30240

7 127 1939 665280

8 255 6058 17297280

9 511 18669 518918400

10 1023 57012 17643225600

11 2047 173063 670442572800

12 4095 523262 28158588057600

13 8191 1577953 1295295050649600

14 16383 4750216 64764752532480000

15 32767 14283387 3497296636753920000

16 65535 43915666 202843204931727360000
17 131071 128878037 12576278705767096254464
18 262143 386896220 830034394580628315045888

Table 1. Complexity of Join of n Relations [Bil97]
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Figure 1. Query Processing
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Figure 7: Generating InnerHashJoin plan alternatives
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Optimize()

O_GROUP [g > O_INPUTS
O_EXPR [€ >| APPLY_RULE
E_GROUP

Figure 17. Relationship between Tasks

JUER, AN EERSEMFRES %

optimize()

{

// start optimization with top group
PTasks.push ( new O_GROUP ( TopGroup ) ):

// ' main loop of optimization

// while there are tasks undone, do one
while (! PTasks.empty ())

{

TASK * NextTask = PTasks.pop (); // get the next task
NextTask -> perform (); /I perform it

}

// optimization completed, copy out the best plan
Ssp.CopyOut() ;

Figure 16. Main Loop of Optimization in Columbia

fLAL#45 Operator 4, {E2— O_GROUP I NIES 4.



//find the best plan for a group with certain context
O_GROUP::perform( context )

{

If ( lower bound of the group greater than upper bound in the context)
return; // impossible goal

If ( there is a winner for the context )
Return; // done, no further optimization needed

// else, more search needed

// optimize all the logical mexprs with the same context
For ( each logical log_mexpr in the group )
PTasks.push (new O_EXPR( log_mexpr, context ) );

/I cost all the physical mexprs with the same context
For ( each physical phys_mexpr in the group )
PTasks.push ( new O_INPUTS( phys_mexpr , context ) ) ;

)

Note: Since the tasks are pushed into a stack, O_INPUTS tasks are actually scheduled earlier than
O_EXPR tasks. It is desired because a winner may be produced earlier.

Figure 18. Algorithm for O_GROUP

E_GROUP & FF Group Expression

// derive all logical multi-expression for matching a pattern
E_GROUP::perform(context)

{
If ( the group has been explored before)

Return;
// else, the group has not yet been explored
for ( each log_mexpr in the group )
PTasks.push (new O_EXPR( log_mexpr, context, exploring ) );

Mark the group explored;

Figure 19. Algorithm for E_GROUP

O_EXPR {435 EH Expression, Logical Operator 7£ [t 1813 7 A Implementation Rule, #%4&# A% Physical
Operator,



// optimize or explore a multi-expression, firing all appropriate rules.
O_EXPR::perform( mexpr, context , exploring )
{
// Identify valid and promising rules
For (each rule in the rule set)
{
// check rule bit in mexpr
if ( rule has been fired for mexpr ) continue;

// only fire transformation rules for exploring
if (exploring && rule is implementation rule ) continue;

/I check top operator and promise
if (top_match(rule, mexpr) && promise(rule,context) >0 )
store the rule with the promise;

}

sort the rules in order of promises;

// fire the rules in order
for ( each rule in order of promise)

{
// apply the rule
PTasks.push ( new APPLY_RULE ( rule, mexpr, context, exploring ) );
/I explore the input group if necessary
for (each input of the rule pattern )
{
if (arity of input >0 )
PTasks.push ( new E_GROUP( input grp_no, context) );
}
}

Figure 20. Algorithm for O_EXPR

Columbia &N Pattern PLECIER FE ML 7 —L4t4k, FIaNE LM Pattern IR R RS LE, SNBkL.



{

// apply a transformation or implementation rule
APPLY_RULE::perform( mexpr, rule, context, exploring )

// check rule bit in mexpr
if ( rule has been fired for mexpr ) return;

for (each binding for the mexpr and rule)

{

J

before = binding->extract_expr(); // get the binding expression
if ( rule->condition(before) not satisfied ) continue; // check condition
after = rule->next_substitute(expr ); // get the substitute from the rule
new_mexpr = Ssp->Copyln(after); // include the substitute into SSP
// further transformations to optimize new expr
if ( new_mexpr is logical )
PTasks.push (new O_EXPR (new_mexpr, context, exploring)):
// calculate the cost of the new physical mexpr

if ( new_mexpr is physical )
PTasks.push (new O_INPUTS (new_mexpr, context));

mexpr->set_rule_bit(rule); // mark the rule has been fired

Figure 21. Algorithm for APPLY_RULE

O_INPUTSIEECEE#EIK L, BREN, MERITEENIETRIRRMN.




//On the first (and no other) execution, the code initializes O_INPUTS member InputCost.
For each input group 1G

If (Starburst case) InputCost is zero;

Determine property required of search in IG:

If (no such property) terminate this task.;

Get Winner for IG with that property;

If (the Winner from IG is a Full winner) InputCost{IG] = cost of that winner:

else if (!CuCardPruning) InputCost[IG] =0 //Group Pruning case

else if (no Winner) InputCost[IG] = GLLB  //remainder is Lower Bound Pruning case
else // Winner has a null plan, find a lower bound for I1G
InputCost[IG] = max(cost of winner, IG Lower Bound)

EndFor // initialize InputCost

/IThe rest of the code should be executed on every execution of this method.
If (Pruning && CostSoFar >= upper bound) terminate this task. // Notel: group pruning applied

//Calculate cost of remaining inputs
For each remaining (from InputNo to arity) input group IG;
Probe IG to see if there is a winner;
If (there is a Full Winner in IG)
store its cost in InputCost;
if (Pruning && CostSoFar exceeds G's context’s upper bound) terminate this task;
else If (we did not just return from O_GROUP on IG)
/foptimize this input; seek a winner for it
push this task;
push O_GROUP for IG;
return;
else // we just returned from O_GROUP on IG, this is an impossible plan
if(There is a winner in IG with a null plan)
If appropriate, update null-plan winner in IG;
terminate this task;
else // There is no winner in IG
Create a new null-plan winner in 1G;
terminate this task;
EndFor //calculate the cost of remaining inputs

//Now all inputs have been optimized
if (arity==0 and required property can not be satisfied) terminate this task;
if (CostSoFar >= than G's context's upper bound) terminate this task:

//Now we know current expression satisfies current context

if (GlobepsPruning && CostSoFar <= GLOBAL_EPS) // Note2: global epsilon pruning applied
Make current expression a winner for G
mark the current context as done:
terminate this task;

if (either there is no winner in G or CostSoFar is cheaper than the cost of the winner in G)
//so the expression being optimized is a new winner
Make the expression being optimized a new winner
update the upperbound of the current context
return;

Figure 22 Pseudo-code of O_INPUTS::perform()
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® IndexMergeType = 1

IO Cost = (totalRowCount + mergedRowCount) * scanFactor
Network Cost = (totalRowCount + mergedRowCount) * networkFactor
Cpu Memory Cost = totalRowCount * cpuFactor + totalRowCount * memoryFactor

EAlll Cost Variable

RKNRENREBERE CPU. NTF. ML/ 10 THE, EREGIPCKMEBEREDE., XENE—
—R BRI — B ERRE A ERM, EENTEAXNEAEEXHFFIEE (20 TE TiDBMY,
Columbia®®*%  postgresQLi“?) ; PostgreSQL FRE 114 Cost Variables'*?,

J// tidb opt cpu factor is the CPU cost of processing one expression for one row.
TiDBOptCPUFactor = "tidb opt cpu factor”

// tidb_opt_copcpu_factor is the CPU cost of processing one expression for one row in coprocessor.
TiDBOptCopCPUFactor = "tidb_opt_copcpu_factor”

/f tidb_opt_tiflash_concurrency_factor is concurrency number of tiflash computation.
TiDBOptTiFlashConcurrencyFactor = "tidb opt tiflash concurrency factor”

// tidb_opt network factor is the network cost of transferring 1 byte data.

TiDBOptMNetworkFactor = "tidb_opt_network_factor”

/f tidb_opt_scan_factor is the I0 cost of scanning 1 byte data on TiKV.

TiDBOptScanFactor = "tidb_opt_scan_facteor”

J// tidb opt desc factor is the I0 cost of scanning 1 byte data on TiKV in desc order.
TiDBOptDescScanfactor = "tidb opt desc factor”

// tidb_opt_seek_factor is the I0 cost of seeking the start value in a range on TiKV or TiFlash.
TiDBOptSeekFactor = "tidb_opt_seesk_factor”

[/ tidb_opt_memory_factor is the memory cost of storing one tuple.

TiDBOptMemoryFactor = "tidb_opt_memory_factor”

J// tidb opt disk factor is the IO cost of reading/writing one byte to temporary disk.
TiDBOptDiskFactor = "tidb_opt_disk_factor”

[/ tidb_opt_concurrency_factor is the CPU cost of additional one goroutine.

TiDBOptConcurrencyFactor = "tidb_opt_concurrency_factor”

(xf, —VIEMEE AT INRIBLECEX M, SHEE AL R Driver LI ...)

Note

Unfortunately, there is no well-defined method for determining ideal values for the cost
variables. They are best treated as averages over the entire mix of queries that a
particular installation will receive. This means that changing them on the basis of just a
few experiments is very risky.

Cost Variable H AR ZIEFHEE, FARKBBTARERFHEMNE (Workload) WAL, —L75EAH, €1
O REEERE M LB T STHAEFFAIAEACREE (Calibrating) ; flanfE A2, EEBLIINGE5EL
A (Sampling) . KB HILILFE Quasar 1E 55,
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Workload q number of queries

Si selectivity of query i
Stot total selectivity of the workload
Dataset N data size (tuples per column)

ts tuple size (bytes per tuple)

Hardware €i L1 cache access (sec)

Cum LLC miss: memory access (sec)

BWs | scanning bandwidth (GB/s)

BWy | result writing bandwidth (GB/s)

BW; | leaf traversal bandwidth (GB/s)
p The inverse of CPU frequency
Ip Factor accounting for pipelining

Scan rw | result width (bytes per output tuple)
& b tree fanout
Index aw attribute width (bytes of the indexed column)

ow offset width (bytes of the index column offset)

Table 1: Parameters and notation used to model access methods
and to perform access path selection.

A_EEH Cost Variable g E 4, o UHERNFERAWEIORMN . T UK Selectivity 2B Cost Variable b
HERETE,

Data Movement for Scan  Result Writing

N -ts N -rw
TDp =

TDs =
BW; BWg

Predicate Evaluation
PE=2-fp-p-N

4
SingleQueryCost = max(TDg,PE) +s;-TDg
SharedScan = max(TDg,q - PE) + S0t - TDpg

A—HKEEER, TMEE B+RHIEEMNRN . RE B+HRIE X 2RI, BHBkEE S Cache Miss; Selectivity
=i, KEBHRFFEN, BAE£XZEEAE. sEXtt, TREIHRIUNTIT.



Tree Traversal

b-C b-f,-
TT = (1+ [logyp(N)]) - (CM - > 2 - g) p>
Leaves Traversal
N-C
si-TL, where, TL = TM

Data Traversal for Secondary Indexes
N - (aw+ ow)

s;i- TDjy, where, TD; =

BW;
Result Writing Sorting the Result Set
RW-——S,--N-E'%,'; SCi =5i-N-logy(si-N)-Cx

!

SinglelndexProbe =TT +s;- (TL+TDj;)+ RW + SC;

ConcIndex =q-TT + 8101 - (TL+TDy)
+Sior - TDgr +SF -CA, where

SF = Stor ~N~10g2 (Smt 'N)
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Figure 8: Predicted cost vs. runtime for different cost models
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