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ABSTRACT

In order to simulate large scale biological models with a

reconfigurable FPGA-based biochemical simulator system,

reduction of required resources are essential. This paper

proposes a method which combines common terms in rate

law functions appeared in biochemical models and generates

a shared hardware module used for numerical integration. In

this approach, two functions are combined in a tree structure

level, followed by pipeline scheduling and arithmetic mod-

ule binding. The evaluation result reveals that this approach

reduces hardware resources by 31.4 % on average at the cost

of 14.4 % throughput degradation.

1. INTRODUCTION

Mathematical modeling and simulation of biological pro-

cesses are now essential to understand cellular activity in

a system level based on knowledge accumulated in wet ex-

periments. While a lot of biochemical simulators such as

E-Cell [1] and Virtual Cell [2] have been developed, it takes

a long time and requires large computational resources to

simulate practical models. To cope with this problem, an

FPGA-based biochemical simulator, ReCSiP has been de-

veloped [3][4]. ReCSiP features deep pipelined hardware

modules to compute reaction rates that are automatically

generated from given model description [5]. However, since

biochemical models contain various varieties of reaction rate

functions, these modules require a large FPGA area and tend

to restrict extraction of reaction-level parallelism.

This paper shows a novel method of automated design

of hardware modules to compute reaction rates focusing on

hardware resource optimization. In this approach, rate raw

functions in model description are first converted into tree

structure and common sub-trees are found and combined.

Then, pipelined hardware is synthesized from the combined

tree structure through arithmetic scheduling.

2. RECSIP

ReCSiP hardware is a PCI board which has a Xilinx XC2VP70

and 8 chips of 18Mbit QDR-I SRAM. Simulator on the FPGA

consists of Solver modules which calculate change in con-

centration of biochemical substances solving differential equa-

tions of reactions. Multiple Solver modules are allocated in

the FPGA and they are connected each other by communi-

cation switch.

As illustrated in Fig.1, a Solver consists of two modules,

an Integrator and a Solver Core. While the Solver Core cal-

culates velocity of a reaction, the Integrator performs nu-

merical integration using the Solver Core. Although the

Solver Core requires a lot of floating point arithmetic op-

erations, high degree of throughput can be achieved by stat-

ically and completely scheduling the pipeline structure. A

Solver Core is reaction-specific hardware that takes concen-

trations of substances and coefficients from three input ports

(X for concentrations and the others for coefficients) and

outputs the velocity. Biologists often want to launch mul-

tiple simulations on the same target with different parame-

ters, and this pipelined structure is quite efficient to extract

thread-level parallelism. On the other hand, by alleviating

hardware costs of Solver Cores, it is possible to devote the

rest of FPGA area to additional Solver Cores for parallel ex-

ecution.

3. SOLVER CORE COMBINING ALGORITHM

Systems Biology Markup Language (SBML), which is an

XML-based language commonly used for biological mod-

eling, defines 33 frequently used rate law functions as pre-

defined functions [6]. Our early work revealed that some of

the predefined functions have similar structure and they can

be combined into a single Solver Core by sharing common
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Fig. 1. Solver module

arithmetic modules [5]. In this paper, a generic combining

method that can support any rate law functions including

non-predefined functions is proposed.

While part of traditional technique of High Level Syn-

thesis(HLS) scheduling methods [7] [8], can be applied for

designing of pipelined Solver Core modules, this paper fo-

cuses on combining of rate law functions and its effect on

hardware costs. Resemblance of trees is commonly calcu-

lated by sophisticated algorithms such as Tree Kernel [9] [10].

However, size of tree for typical rate raw functions is small.

Therefore, we adopt a simple approach when comparing

trees as described below.

3.1. Combining of Trees

The method shown here first combines two given rate law

functions in a tree structure level, and then converts to a

combined Solver Core through pipeline scheduling and arith-

metic resource binding. The tree combining process consists

of 3 steps as follows.

1. Given rate law functions are individually converted to

tree structures.

2. For every two-node combination between the two trees,

a coincidence score, which represents how large sub-

trees of the same topology the two nodes have, is cal-

culated by comparing two subtrees connected to the

two nodes.

3. The two trees are combined by sharing the common

subtree that marks the highest coincidence score.

For example, the predefined rate law functions UNII and

UCII are defined as

v =
V S/Km

1+I/Ki+(S/Km)(1+I/Ki)
and v =

V S/Km

1+S/Km+I/Ki
, respectively.

In Step 2, a coincidence score is calculated according to the

list shown in Fig. 2 for every pair of nodes between the given

two trees. The arguments of the Score() function are

pointers to the nodes. A score value of 1 is given if these

nodes represent the same operator or the same input vari-

able. Otherwise, a score value of 0 is returned. Then, the

Score() function is recursively called accumulating the

score value until a different pair of nodes is detected.

By calling this function for all the combination of nodes,

the largest common subtree is found on the pair of the high-

1 . int Score(TreeNode *p1, TreeNode *p2){

2 . if(is_equal(p1, p2){

3 . int score=1;

4 . for(unsigned int id=0;

5 . id < p1->getNumChildren() &&

6 . id < p2->getNumChildren() ; id++){

7 . score+=Score(p1->getChild(id),

8 . p2->getChild(id));

9 . }

10. return score;

11. }

12. return 0;

13. }

Fig. 2. Calculation of a coincidence score

Fig. 3. Common subtrees with the highest coincidence score

est coincidence score. This procedure can be simplified by

reusing coincidence scores of subtrees. In the example of

Fig. 3, the highest coincidence score is marked by the pair

of the root nodes of the trees and the largest common sub-

trees are found as show. Then in Step 3, the original two

trees are combined by sharing the largest common subtree.

Different part of the trees is switched by extra multiplexers

as shown in Fig. 4.

3.2. Pipeline Scheduling

Next, a Solver Core with pipelined structure is generated

from the combined tree structure. At first, start times of

Fig. 4. Combined tree of UNII and UCII
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arithmetic operators in the combined tree are temporally sched-

uled with the As Late As Possible (ALAP) scheduling algo-

rithm. When the critical paths of original two trees have

different length, they are adjusted to the longer one. How-

ever, as mentioned in Section 2, a bandwidth of data input

to a Solver Core is limited to three input ports. Therefore,

sometimes ALAP scheduling can not be possible due to lack

of the input bandwidth. In this case, order of data input has

to be considered since it can affect performance. Basically,

data required by the operators that have earlier start time are

input first. Then, priority is given to the data that are fed to

operators in the combined subtree. After input order is de-

cided, the final scheduling of arithmetic operators is fixed,

modifying ALAP start time of some operators.

Our final process here is simple optimization in arith-

metic resource binding. The same arithmetic operators used

in different states can be shared in the same arithmetic mod-

ule. When multiple operators of the same arithmetic are

used in the same state, multiple arithmetic modules are gen-

erated.

4. EVALUATION AND DISCUSSION

To evaluate effect of the combining method, the algorithm

was implemented in C++ (gcc 3.4.6) and was applied on the

14 rate law functions out of the 33 SBML predefined func-

tions. Generated Verilog files are mapped on XC2VP70-

6FF1517C, which is equipped on the ReCSiP-2 board, us-

ing the Xilinx ISE 8.2i tool. The frequency (MHz), latency

(clock cycles), execution time (ns), throughput (Mega reac-

tions per second) and the number of required slices of non-

combined Solver Cores for these 14 functions are summa-

rized in Table 1. The bottom three lines show the distribu-

tion (the best, worst, and average data) for each evaluated

item.

4.1. Performance Comparison

The number of two-function combination from these 14 func-

tions is
[

14
2

]
= 91. Table 2 shows the distribution of the im-

plementation results for the 91 combined Solver Cores. The

best frequency of 136.6 MHz is achieved by combined func-

tions including the pair of UMAI and UNII. Meanwhile,

the pair of UMAI and UCIR shows the worst frequency

of 114.5 MHz. Compared to the results for non-combined

Solver Cores in Table 1, the combined Solver Cores show

lower average frequency, which comes from extra multi-

plexers to switch the combined functions.

The latency for the combined Solver Cores is distributed

over the range of 64 (UAII and UCII) to 80 (UUCI and

UCIR) clock cycles, also showing worse average than the

non-combined Cores. When Solver Cores that have different

latencies are combined, the shorter one must be adjusted to

the other to have the same latency resulting in performance

degradation. The trend of execution time of the combined

Solver Cores is also degraded. While the best combination

Table 1. Implementation results (non-combined)
Rate Law Freq. Latency Exec. Throughput Slices

Function (MHz) (clock) Time(ns) (Mreact./s)

UCTR 128.3 71 553.7 42.7 4417

UMAR 128.0 71 554.5 42.7 4419

UMR 128.1 71 554.4 42.7 4416

UNIR 125.6 71 565.4 41.9 4415

UCTI 136.6 69 505.2 68.3 4188

UMAI 136.6 69 505.2 68.3 4169

UMI 136.6 69 505.2 68.3 4178

UNII 136.6 69 505.2 68.2 4188

UUCI 136.6 69 505.2 68.3 3191

UUCR 132.0 71 537.8 44.0 4391

UAII 136.6 64 468.6 68.3 2650

UAR 129.8 69 531.6 43.3 4366

UCII 136.6 64 468.6 68.3 2650

UCIR 129.8 69 531.6 43.3 4366

Best 136.6 64 468.6 68.3 2650

Worst 125.6 71 565.4 41.9 4419

Average 132.7 69 520.9 55.6 4000

Table 2. Implementation results (combined)
Best Worst Average

Frequency (MHz) 136.6 114.5 127.2

Latency (clock) 64 80 71

Execution Time (ns) 468.6 622.5 556.0

Throughput (Mreact./s) 68.3 38.2 47.6

Slices 2711 6624 5437

of UAII and UCII achieves 468.6 ns which is the same as

that of the fastest non-combined UCII Core, the average ex-

ecution time is decreased by 6.7%.

Throughput of Solver Cores is related to frequency and

pipeline pitch which is an interval of calculations for consec-

utive reactions. Since pipeline pitch reflects the number of

arguments to the corresponding function, throughput is af-

fected when combined functions have the different numbers

of arguments. Throughput of the combined Solver Cores is

degraded by 14.4% on average.

4.2. Hardware Costs

To evaluate the influence of the function combining upon

hardware costs, we use the metric called the resource reduc-

tion ratio defined as:
(

1−
SA,B

SA+SB

)
×100, where SA, SB, and

SA,B are the number of slices for the function A, B, and the

combined function of A and B, respectively. Fig.5 shows dis-

tribution of the resource reduction ratios achieved by the 91

combined functions, in which the combinations are sorted

by the resource reduction ratio on the horizontal axis. While

the highest resource reduction ratio stands at 49.8% (UMR

and UUCR) indicating the combining cuts off almost the

half of hardware costs, the worst ratio is -6.2% (UUCI and

UAII) which means increase in hardware. The average re-

source reduction ratio is 31.4%.

To analyze and discuss these results in detail, we focus

on how many arithmetic modules are shared by the function

combining in both of the tree structure level and the pipeline

structure level. Table 3 summaries usage of three arithmetic

modules and their reduction ratio for the best pair (UMR

and UUCR), the 35th pair (UAII and UAR), and the worst

810



Fig. 5. Distribution of resource reduction ratios

Table 3. The number of arithmetic modules required to

combined Solver Cores
Tree structure level Pipeline structure level

Non- Com- Redu- Non- Com- Redu-

Com- bined ction Com- bined ction

bined (%) bined (%)

Best pair adders 9 5 44.4 4 2 50.0

(UMR & multipliers 6 3 50.0 5 2 60.0

UUCR) dividers 13 7 46.1 6 3 50.0

sum 28 15 46.4 15 7 53.3

35th pair adders 6 4 33.3 3 2 33.3

(UAII & multipliers 3 3 0.0 3 2 33.3

UAR) dividers 10 7 30.0 5 3 40.0

sum 19 14 26.3 11 7 36.3

Worst pair adders 4 3 25.0 3 3 0.0

(UUCI & multipliers 3 2 33.3 3 1 66.7

UAII) dividers 8 6 25.0 4 5 -20.0

sum 15 11 26.7 10 9 10.0

pair (UUCI and UAII). Reduction ratios of the arithmetic

modules in the pipeline structure level do not directly reflect

those in the tree structure level due to the pipeline schedul-

ing and optimization described in Section 3.2.

For instance, the best pair of the original UMR and UUCR

Solver Cores requires, in all, 28 arithmetic modules in the

tree structure level, and our combining method reduces them

to 15 modules, that is, the reduction ratio of 46.4%. Mean-

while, only 15 arithmetic modules are required when the

original two Solver Cores are individually pipelined since

some arithmetic modules are shared. Moreover, the com-

bined Solver Core requires 7 arithmetic modules after pipeline

scheduling, showing 53.3% of the reduction ratio.

Focusing on the 35th pair, 26.3% of the module reduc-

tion ratio is achieved in the tree structure level, and this is

increased to 36.3% in the pipeline structure level. Although

Solver Cores do not consist only of arithmetic modules, the

reduction ratio of them is approximately consistent with the

final resource reduction ratio in this case.

The pair of UUCI and UAII, which shows the worst re-

sult, achieves the nearly same module reduction ratio in the

tree structure level. However, in the pipeline structure level,

the module reduction ratio stands at only 10.0%, where 10

arithmetic modules are reduced to 9. Breaking down the

change of the arithmetic modules, the three multipliers are

shared to one by the combining, but the number of the di-

vider is increased. Getting the extra divider while reducing

2 multipliers leads to -6.2% of the final resource reduction

ratio. These results suggest that resource reduction by com-

bining Solver Cores is much broader than a matter of node

sharing in tree structured rate law functions.

5. CONCLUSION AND FUTURE WORK

This paper presented a method of automate design of a Solver

Core module that computes biochemical reaction rates fea-

turing sharing mechanism of common terms in given rate

law functions. In this approach, two Solver Cores are com-

bined in a tree structure level, followed by pipeline schedul-

ing and arithmetic module binding.
Although only ALAP pipeline scheduling is discussed

in this paper, we will evaluate the effect when more ad-
vanced scheduling algorithms [5] are applied with the com-
bining technique. In addition, evaluation of simulation per-
formance using actual biochemical models and combining
of three or more trees are also our future work.
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