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Abstract - In this paper, we propose a parallel optimization method of Aho-Corasick (AC) algorithm and Parallel Failureless
Aho-Corasick (PFAC) algorithm using Open Computing Language (OpenCL) on Field Programmable Gate Array (FPGA). The
low throughput of string matching engine causes the performance degradation of network process. Recently, many
researchers have studied the string matching engine using parallel computing. FPGA’s vendors offer a parallel computing
platform using OpenCL. In this paper, we apply the AC and PFAC algorithm on DE1-SoC board with Cyclone V FPGA,
where the optimization that considers FPGA architecture is performed. Experiments are performed considering global id,
local id, local memory, and loop unrolling optimizations using PFAC algorithm. The performance improvement using loop
unrolling is 129 times greater than AC algorithm that not adopt loop unrolling. The performance improvements using loop
unrolling are 1.1, 0.2, and 1.5 times greater than those using global id, local id, and local memory optimizations mentioned
above.
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1 _kernel void global_id_kernel

2 (_global unsigned const * restrict d_PFAC_table,
3 _global int const * restrict d_input_string,

4 const int input_size,

5 const int initial_state,

6 const int num_finalState,

7 _global int * restrict d_match_result)

8

9 _private int g_index = get_global_id(0);

10 _global char *string = (_global char *)d_input_string;
11 _private int inputChar = 0;

12 _private unsigned state = initial_state;

13 _private int pos = g_index;

14
15 while(pos < input_size){
16 inputChar = (int)(string[pos));

17 state = d_PFAC_table[state*256 + inputChar];
18 if(TRAP_STATE == state){

19 break;

20 }

21 if(state <= num_finalState){

22 d_match_result[g_index] = state;
23 }

24 pos++;

25}

26}

% 5 Global idE olgst HE .
Fig. 5 Global id kernel.
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1 _ attribute_ ((reqd_work_group_size(256,1,1)))

2 __kernel void local_memory_kernel

3 (_global unsigned const * restrict d_PFAC_table,
4 _ local int * restrict d_PFAC_initial_table,

5 _global int const * restrict d_input_string,

6 const int input_size,

7 const int initial_state,

8 const int num_finalState,

9 _global int * restrict d_match_result)

11 _private int |_index = get_local_id(0);

12 __global char *string = (_global char *)d_input_string;
13 __private int inputChar = 0;

14 __private unsigned state = initial_state;

15 __private int pos = |_index;

17 d_PFAC_initial_table[l_index] = d_PFAC_table[state*256 + |_index];
18 barrier(CLK_LOCAL_MEM_FENCE);

19

20 while(pos < input_size){

21 inputChar = (int)(string[pos]);

22 state = d_PFAC_jnitial_table[inputChar];
23 if(state <= num_finalState){

24 d_match_result[l_index] = state;

25 }

26 ifMTRAP_STATE != state){

27 while(pos < input_size){

28 pos++;

29 inputChar = (int)(string[pos]);
30 state = d_PFAC_table[state*256 + inputChar];
31 ifTRAP_STATE == state){

32 break;

33 }

34 if(state <= num_finalState){

35 d_match_result[l_index] = state;
36 }

37 )

38 }

39

40 |_index += 256;

41 pos = |index;

42 )

43}

9 6 Local memoryZ 0|88t A4 4=

Fig. 6 Local memory kernel.
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1 _kernel void loop_unroll_kernel

2 (_global unsigned const * restrict d_PFAC_table,
3 _global int const * restrict d_input_string,

4 const int input_size,

5 const int initial_state,

6 const int num_finalState,

7 _global int * restrict d_match_result)

8

9 __private int Lindex = get_local_id(0);

10 __global char *string = (_global char *)d_input_string;
11 _private int inputChar = 0;

12 __private unsigned state = initial_state;

13 __private int pos = |_index;

15 inputChar = (int)(string[pos]);
16 state = d_PFAC_table[state*256 + inputChar];
17 if(state <= num_finalState){

18 d_match_result[l_index] = state;

19 1}

20 if(TRAP_STATE != state){

21 while(pos < input_size){

22 pos++;

23 inputChar = (int)(string[pos]);

24 state = d_PFAC_table[state*256 + inputChar];
25 if(TRAP_STATE == state){

26 break;

27 }

28 if(state <= num_finalState){

29 d_match_result[l_index] = state;
30 }

31 }

32 %}

33}

J9 7 Loop unrollingS R&st AY gt

Fig. 7 Kernel adapted loop unrolling.
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Table 1 FPGA resource.

global HHXE] 64MB
local M=Ez2] 2KB
global WX2] cache size 4KB
Fdl work-item Y /M5 2,147,483 ,647
o s Fuke 1,000MHz
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unrolling® B A5 S global idECF 114%, local id H
T} 28%, local memoryHT} 156%, AC €112]E& HL} 12,931%
o] ke HAL
45 HH Zt HAE AolAo] WE FPGA A ALE™ES
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Table 2 Throughputs of sets of patterns.

¢ & ACL BAKE mjEolA= "l ¢Iato] FE O1F7] o]
FPGA U9l Digital Signal Processor (DSP) B2E& AMSIX]
&=L Logic utilization®] A<, global id9] AMEEO] 712 A
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ZA 0]t Ze Helt MV Y912 local HEEIO ZRE
et F71 27 WVl AeE F=EE 4 QUr}. Global id9t
local id9] A}Ol= A= local HEZIE ZKCH= ZAojth
Local memorys global HXEZOIA £7] MEIE local HEZ]0
A&ohs SIZe} local MEE] AFEEFO] E712 logic utilization
I} memory blocks®] AFEEFO] Z7F8HC} Loop unrolling x7]
AEfolA The 29 ols S22 loopolA] FHOZ witho] &
Zl7] R0l local memoryHTH= OFLAITE local idHC} logic
utilizationZ} memory blocks®] AFEEO] S71GH}.
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Table 4 Resource usages of each test case.

I global local local loop
i id id memory | unrolling
utill‘i’f;;on 2% | 29% | 45% 40%
dedicated 1% | 12% | 20% 17%
logic registers
“éf:;ffsy 20% | 25% | 72% 41%
DSP blocks 0% 0% 0% 0%

# 5% global id?} local id9 MWHZ stall, AREL,
bandwidth efficiency@} cache hits& H|Wgt JOIT} O] EI

vl g AFE (Gbps)
E 9] DEFCON PSR AEN Q] . . local loop AC
=
T 7] " 5= - M=l global id local id memory unrolling s
484 31IM 58,734 7,452 7,452 0.292 0.517 0.206 0.589 0.004
972 31IM 63,247 12,729 12,729 0.222 0.347 0.195 0.483 0.004
1,437 31M 63,247 16,132 16,132 0.272 0.495 0.198 0.558 0.004
1,926 31M 84,947 19,018 19,018 0.257 0461 0.195 0.565 0.004
B 3 Yy AEH W] WE AFE
Table 3 Throughputs according to input streams.
zA g AFE (Gbps)
DEFCON ~ A% : . local loop AC
ol 4 P Sefo) 4 _
37] el e 4 el global id local id memory unrolling IR S
8M 927 21,658 12,729 0.229 0.367 0.232 0.509 0.004
16M 927 42,210 12,729 0.225 0.357 0.209 0.499 0.004
24M 927 54,791 12,729 0.221 0.347 0.198 0.484 0.004
31M 927 84,947 12,729 0.222 0.347 0.195 0.483 0.004
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Table 5 Comparisons in terms of resource usages.

cache hits

bandwidth .
(efficiency) oA SE)
AE | WAl

global id | 39.60% | 49.33% 17.07% 0% | 59.68%

stall | occupancy
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