University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 1 C.K. Luk

Compiler -Based Pr efetching for

Recursive Data Structur es

Chi-Keung Luk and Todd C. Mowry

Department of Computer Science Department of Electrical and Computer Engineering University of Toronto

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 2 C.K. Luk

The Memory Latency Pr oblem

• Key per formance bottleneck in moder n computer systems

• Caches ar e helpful, but not a panacea

• Compiler techniques have been limited to numeric pr ograms

Expand compiler’s scope to include non-numeric pr ograms

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 3 C.K. Luk

Recursive Data Structur es

• Examples:

• linked lists, tr ees, graphs, ...

• A common method of building lar ge data structur es • especially in non-numeric pr ograms

• Cache miss behavior is a concer n because:

• large data set with r espect to the cache size • temporal locality may be poor • little spatial locality among consecutively-accessed nodes

Goal:

Automatic Compiler -Based Pr efetching for Recursive Data Structur es

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 4 C.K. Luk

Overview

Challenges in Pr efetching Recursive Data Structur es

• Three Pr efetching Algorithms

• Experimental Results

• Conclusions

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 5 C.K. Luk

Scheduling Pr efetches for Recursive Data Structur es

p = &n_0 while (p){

work(p->data); p = p->next; } loading a node work()

L

W

Our Goal: fully hide latency

• thus achieving fastest possible computation rate of 1 /W e.g., if L=3W, we must pr efetch 3 nodes ahead to achieve this load *p her e n_i curr ently visiting

n_{i+1} n_{i+2} n_{i+3} p want to pr efetch

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 6 C.K. Luk

work(n_k)

W_k

L_k loading n k

Per formance without Pr efetching

W_{i+1}

computation rate = 1/( L+W) n_i

n_{i+1}

n_{i+2}

n_{i+3}

L_{i+1}

L_i W_i

L_{i+2} Wi+2

L_{i+3} W_{i+3}

Time while (p){

work(p->data); p = p->next; }

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 7 C.K. Luk

prefetch

Prefetching One Node Ahead

computation rate = 1/ L n_i

n_{i+1}

n_{i+2}

n_{i+3}

W_i

W_{i+1}

W_{i+2}

W_{i+3} pf(p_i->next) while (p){

pf(p->next); work(p->data); p = p->next; } L_i

L_{i+1}

L_{i+2}

L_{i+3} visiting

Time

• Computation is overlapped with memory accesses work(n_k)

W_k

L_k loading n k

data dependence

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 8 C.K. Luk

Prefetching Thr ee Nodes Ahead

prefetch

n_i

n_{i+1}

n_{i+2}

n_{i+3}

W_i

W_{i+1}

W_{i+2}

W_{i+3}

pf(p_i->next->next->next)

L_i

L_{i+1}

L_{i+2}

L_{i+3} visiting

while (p){

pf(p->next->next->next); work(p->data); p = p->next; }

work(n_k)

W_k

L_k loading n k

data dependence

Time

computation rate does not impr ove (still = 1/ L)!

Pointer-Chasing Problem:

any scheme which follows the pointer chain is limited to a rate of 1/L

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 9 C.K. Luk

n_i

n_{i+1}

n_{i+2}

n_{i+3}

Our Goal: Fully Hide Latency

L_i W_i

L_{i+1} W_{i+1}

L_{i+2} W_{i+2}

L_{i+3} W_{i+3}

while (pi){

pf(&n_{i+3}); work(p_i->data); p_i = p_i->next; }

pf(&n_{i+3}) visiting

work(n_k)

W_k

L_k loading n k

data dependence

Time

achieves the fastest possible computation rate of 1/ W

prefetch

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 10 C.K. Luk

Over coming the Pointer -Chasing Pr oblem

Key:

Three appr oaches:

• use existing pointer(s) in n_i to appr oximate &n_{i+d}

• e.g.

• add new pointer(s) to n_i to appr oximate &n_{i+d}

• e.g.

• compute &n_{i+d} directly from &n_i(no ptr . der ef.)

• e.g.

n_i needs to know &n_{i+d} without r efer encing the d-1 inter mediate nodes

n_i n_{i+d}

an existing pointer

Greedy Pr efetching

n_i n_{i+d}

a new pointer

History-Pointer Pr efetching

Data-Linearization Pr efetching A

&n_i &n_{i+d}

A=Addr ess generating function

n_i n_{i+d}

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 11 C.K. Luk

Overview

Challenges in Pr efetching Recursive Data Structur es

Three Pr efetching Algorithms

• Greedy Pr efetching • History-Pointer Pr efetching • Data-Linearization Pr efetching

• Experimental Results

• Conclusions

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 12 C.K. Luk

Greedy Pr efetching

• Prefetch all neighboring nodes (simplified definition)

• only one will be followed by the immediate contr ol flow • hopefully, we will visit other neighbors later

• Reasonably ef fective in practice • However , little contr ol over the pr efetching distance

preor der(tr eeNode * t){

if (t != NULL){

pf(t->left); pf(t->right); process(t->data); preor der(t->left); preor der(t->right); } }

1 2

missmissmiss partialmiss hit

3 4 8 10 6 12 14 5 9 11 7 13 15

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 13 C.K. Luk

History-Pointer Pr efetching

• Add new pointer(s) to each node

• history-pointers ar e obtained fr om some r ecent traversal

• Trade space & time for better contr ol over pr efetching distances

8 9 11 15

1 2 3

4 5 7

10 12 13 14

3 11 10

6 12

5 9 youngest

oldest

FIFO (d=3) 6

existing history-pointer history-pointer being added

6^{curr ently visiting}

1 2 4 8 9 5 10 11 3 6 preor der

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 14 C.K. Luk

Data-Linearization Pr efetching

• No pointer der efer ences ar e requir ed • Map nodes close in the traversal to contiguous memory

8 9 11 15

1 2 3 4 5 6 7

10 12 13 14 preor der traversal

1 2 4 8 9 10 11 6 12 7 14 prefetch prefetching distance= 3 nodes

5 3 13 15

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 15 C.K. Luk

Summary of Pr efetching Algorithms

Greedy History-Pointer Data-Linearization Contr ol over Prefetching Distance little mor e pr ecise mor e pr ecise

Applicability to Recursive Data Structur es any RDS revisited;

changes only

slowly must have a major traversal or der;

changes only slowly Overhead in Preparing Pr efetch Addr esses none space + time none in practice

Ease of Implementation relatively straightforwar d mor e dif ficult mor e dif ficult

Greedy pr efetching is the most widely applicable algorithm:

fully implemented in SUIF

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 16 C.K. Luk

Overview

Challenges in Pr efetching Recursive Data Structur es

Three Pr efetching Algorithms

Experimental Results

• Conclusions

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 17 C.K. Luk

Experimental Framework

Benchmarks

• Olden benchmark suite

• 10 pointer-intensive pr ograms • covers a wide range of r ecursive data structur es

Simulation Model

• Detailed, cycle-by-cycle simulations

• MIPS R10000-like dynamically-scheduled superscalar

Compiler

• Implemented in the SUIF compiler • Generates fully functional, optimized MIPS binaries

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 18 C.K. Luk

Per formance of Compiler -Inserted Gr eedy Pr efetching

• Eliminates much of the stall time in pr ograms with lar ge load stall penalties half achieve speedups of 4% to 45%

O = Original G = Compiler-Inserted Gr eedy Pr efetching load stall store stall inst. stall busy

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 19 C.K. Luk

Coverage Factor

• coverage factor = pf_hit + pf_miss

• 7 out of 10 have coverage factors > 60%

• em3d, power , vor onoi have many array or scalar load misses

• small pf_miss fractions => effective pr efetch scheduling nopf_miss = original D-cache misses that are not prefetched pf_miss = original D-cache misses that are prefetched but remain misses pf_hit = original D-cache misses that are prefetched and then hit in the D-cache

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 20 C.K. Luk

• % dynamic pfs that ar e unnecessary because the data is in the D-cache

• 4 have >80% unnecessary pr efetches

• Could r educe over head by eliminating static pfs that have high hit rates

Unnecessary Pr efetches

100 = all unnecessary dynamic pfs 99 = exclude all static pfs with hit rates > 99% 95 90

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 21 C.K. Luk

Reducing Overhead Thr ough Memory Feedback

• Eliminating static pfs with hit rate >95% speeds them up by 1-8% • However , eliminating useful pr efetches can hurt per formance Memory feedback can potentially impr ove per formance load stall store stall inst. stall busy

G = gr eedy pr efetching Fxx = gr eedy pr efetching wher e static pfs with

hit rate > xx% ar e eliminated

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 22 C.K. Luk

Per formance of History-Pointer Pr efetching

• Applicable because a list structur e does not change over time

• 40% speedup over gr eedy pr efetching thr ough:

• better miss coverage (64% -> 100%) • fewer unnecessary pr efetches (41% -> 29%) • Improved accuracy outweighs incr eased over head in this case health

O = original G = gr eedy pr efetching H = history-pointer pr efetching

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 23 C.K. Luk

• Creation or der equals major traversal or der in tr eeadd & perimeter • hence data linearization is done without data r estructuring • 9% and 18% speedups over gr eedy pr efetching thr ough:

• fewer unnecessary pr efetches:

• 94%->78% in perimeter , 87%->81% in tr eeadd • while maintaining good coverage factors:

• 100%->80% in perimeter , 100%->93% in tr eeadd

Per formance of Data-Linearization Pr efetching

O = original G = gr eedy pr efetching D = data-linearization pr efetching

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 24 C.K. Luk

Other Results

• Architectural Support Needed:

• at least 2 memory units • non-excepting pr efetches

• Quantitative Comparison with Related W ork:

• Greedy pr efetching outper forms “SPAID” by:

• prefetching r efer ences that ar e likely to miss • prefetching further ahead

University of Toronto

ASPLOS-VII: Compiler-Based Prefetching for Recursive Data Structures 25 C.K. Luk

Conclusions

• Propose 3 schemes to over come the pointer -chasing pr oblem:

• Greedy Pr efetching • History-Pointer Pr efetching • Data-Linearization Pr efetching

• Automated gr eedy pr efetching in SUIF

• impr oves per formance significantly for half of Olden • memory feedback can further r educe pr efetch over head

• The other 2 schemes can outper form greedy in some situations

Encouraging r esults suggest that compiler -based pr efetching for non-numeric codes is a pr omising ar ea for futur e r esear ch