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ABSTRACT 
Recent medical challenges such as cancer, drug-resistant microbes 
or diabetes crucially affect human health. To tackle these, modern 
medicine must analyze molecular interactions and rely on 
powerful computational platforms for the design and performance 
evaluation of medical therapies. Towards this end, we propose a 
Network-on-Chip (NoC)-based multicore platform enabling the 
efficient analysis of stochastic molecular interactions among 
biological entities. Our in-depth analysis of the stochastic 
interactions among biological components and the 
characterization of their computational and communication 
requirements allows us to design a high-performance NoC 
architecture sustaining a throughput of over 1.36E5 events/ms, 
while consuming only 15 mJ per 1E5 stochastic events. Our 
proposed NoC-based multicore can offer a throughput 
improvement of 23% over a regular mesh-based NoC, while 
consuming 20% less energy.  

Keywords 
Network-on-Chip, multicore, cyber-physical system, personalized 
medicine, gene therapy, stochastic simulation. 

1. INTRODUCTION 
There is a growing recognition of the importance of molecular 
markers and their behavior as disease precursors. Consequently, 
there is a growing interest in developing computational platforms 
that can assist disease diagnosis, drug development, measure drug 
efficacy, and monitor patient treatment. In addition, there are also 
urgent needs for computational platforms that can perform vast 
amounts of bio-chemical stochastic simulation efficiently in order 
to understand the cellular biological processes.  Of note, bio-
chemical stochastic simulation refers to running a Monte-Carlo 
type of investigation in which a set of chemical species interact in 
space and time by following probabilistic rules. It requires a 
significant number of interactive simulations, which can take a 
long time via software implementations. In addition, spatio-
temporal interactions introduce dependencies that prevent one 
from simply executing independent runs in parallel. 

Towards this end, in this paper, we propose a highly optimized 
NoC architecture for multi-scale spatio-temporal stochastic 
simulation and analysis of biological processes (e.g., gene 
regulation, biochemical cascades, cell-cell interactions). We begin 
by developing a mathematical framework for bio-chemical 
stochastic reactions, which accounts for the spatial and temporal 
interactions. This represents a major improvement compared to 
traditional Gillespie stochastic simulation algorithm [5][6]. More 
precisely, we tessellate the 3D space into small regions that 
contain specific types and number of bio-chemical reactants and 
investigate how the physico-chemical interactions (molecule 
generation, molecular diffusion, molecular absorption) dictate the 
communication and computation workloads. Then, we optimize 
both the processing elements and the communication 

infrastructure in order to provide the highest application 
throughput. In summary, the salient contributions of this paper are 
as follows:      

A. We propose a non-trivial enhancement to the traditional 
Gillespie stochastic simulation algorithm by incorporating 
spatial information in order to account for the heterogeneity 
of biological systems, which generates a complex 
communication pattern. 

B. We profile our algorithm and determine the characteristics 
of computation and communication workloads. In 
particular, we identify local and long-range communication 
spawned from this model, which we encapsulate in the form 
of a weighted dependency graph (WDG).  

C. We develop an optimization algorithm for NoC design 
based on the above, which proceeds as follows: (i) We 
analyze the WDG and perform a clustering of the vertices 
representing reaction channels in order to balance 
computation and communication workload. (ii) We propose 
an algorithm for deploying on-chip wireless links for long-
range communication dictated by the spatial interactions 
between bio-chemical reaction systems.  

D. We demonstrate the validity and merits of our approach by 
considering a pertinent use-case, namely gene therapy. We 
demonstrate significant improvements in performance 
metrics (e.g., computation throughput, energy consumption) 
over traditional mesh-based NoC implementations.  

The remainder of this paper is organized as follows: Section 2 
briefly reviews the research work in the field of NoC optimization 
for biomedical applications, and compares and contrasts related 
computational approaches for studying biomolecular reaction 
systems with our approach. Section 3 outlines the design of NoC 
architecture for bio-chemical stochastic analysis and describes the 
gene therapy problem, which will be used to evaluate performance 
of the proposed NoC design. Section 4 summarizes our 
experimental and validation results. Finally, Section 5 concludes 
the paper and outlines some future work.    

2. RELATED WORK  
NoCs have emerged as communication backbones to enable a 
high degree of integration in multicore SoCs [2] [9]. In spite of all 
the advantages, the existing method of implementing a NoC with 
planar metal interconnects is deficient due to high latency and 
significant power consumption arising out of multi-hop links used 
in data exchanges. NoCs have been shown to perform better by 
inserting long-range wired links following the principles of small-
world graphs [10]. NoC-enabled multicores have been shown to 
be very beneficial for many computation-intensive bio-informatics 
applications, delivering orders of magnitude speedup and lower 
energy consumption [3][4], even compared with other popular 
acceleration platforms, such as GPUs and large FPGAs. A 
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comprehensive survey [14] of various wireless NoC architectures 
and their design principles shows the possibilities of creating 
novel architectures enabled by on-chip wireless links. 

Many of the biological processes we aim to control exhibit a 
highly dynamic spatio-temporal variation and heterogeneous 
structure imposing new constraints on the design methodologies 
[1]. A very relevant application in this domain pertains to the 
development of the gene therapy for HIV-1 [11], which has to 
tackle the dynamic variation in parameters of the biological 
interactions when searching for the best configuration and amount 
of engineered cells. Consequently, we explore the computation 
kernel that studies the interactions between cells and virions and 
enables the design of a gene therapy for HIV-1 infection, and 
consider it as a use-case to design and evaluate the potentials of a 
NoC-based multicore platform.   

3. NOC DESIGN FOR BIOMOLECULAR 
REACTIONS 

3.1 Modeling Stochastic Reactions 
Reactants in biomolecular reactions, typically cells or protein 
macromolecules, interact with one another through stochastic 
processes that change the concentration of each reactant in the 
system. Since reactants are discrete molecules (or cells), the 
number of reactant molecules (or cells) completely describes the 
state of the system at any point in time. The dynamics of 
biomolecular reactants (say A, B, C) can be expressed through the 
mathematical formalism of stochastic simulations as follows: 

   (1a) 

    (1b) 

    (1c) 

A, B and C in the above reactions denote the number of 
biomolecular entities corresponding to reactants A, B and C 
respectively; k, m and n are the reaction rates. It has been shown 
that Gillespie’s Stochastic Simulation Algorithm (GSSA) [5][6] is 
a very efficient method for modeling such coupled reactions. In 
the following, we exemplify our approach by considering as a 
use-case a set of reactions representing personalized gene therapy 
using protected T cells for treating HIV-1 infection, an application 
that is of great interest and significance to the research 
community. 

3.2 Example: Biomolecular Reaction System 
Modeling HIV-1 Gene Therapy 
Gene therapy, a promising alternative to the conventional highly 
active antiretroviral therapy (HAART) approach for treating HIV-
1 infection, consists of infusion of engineered genes (i.e., gene 
based inhibitors [11]) into so-called protected cells (PC) with the 
goal of disrupting the viral spread within the body system. The 
design of a successful clinically relevant personalized gene 
therapy requires a comprehensive understanding of the 
interactions between the various biomolecular entities, which 
necessitates numerous stochastic simulations for exploring the 
functionality and efficacy of a particular strategy.  

Consequently, we consider the well-known computational model 
describing the dynamics of the HIV’s resistance to gene-modified 
cells [1][8][12] for in vivo infusion. This computational model 
consists of five biomolecular entities: (1) CD4+ T unprotected 
cells (U) denoting cells that are not genetically modified and 

naturally belong to the patient through homeostatic self-
proliferation; (2) CD4+ T protected cells (P) referring to gene 
modified cells that are infused into the patient’s body; (3) infected 
unprotected T cells (IU); (4) infected protected T cells (IP); and (5) 
free virions (V) that spread the viral infection throughout the T 
cell population. Following the conventions from Equation (1), the 
dynamics of these 5 entities can be described as follows:  

(2) 

   where  is the thymus-rate of self-proliferation of U cells, d is 
the death rate, k and k are the rates at which the virus infects an 
unprotected (U) and a protected (P) cell, respectively,  is the 
death rate of both infected unprotected and protected cells, r and h 
are the Michaelis-Menten coefficients,  is the rate at which either 
infected unprotected cells or infected protected cells generate 
virions, and c is the death rate of the virions.    

Each kind of biomolecular entity, i.e., U, P, IU, IP and V, has an 
initial concentration (or cell count), which varies over the course 
of time based on the Equation (2). We model the stochastic 
dynamics of the gene therapy based HIV treatment using GSSA 
first reaction method [5][6], based on which we decompose 
Equation (2) into a set of 11 “reaction channels” denoted by Cj 
(j=1…11) having propensities Pj as follows (given in the format 
Cj: Pj). 

C1:  C2: rU/(h+U+P) C3: dU  C4: kUV 
C5: rP/(h+U+P) C6: dP C7: kPV  C8: IU 
C9: IP  C10: (IU+IP) C11: cV   (3) 

3.3 Modeling Migration of Biological Entities 
Each set of reaction channels described in Equation (2) represents 
the interaction among biomolecular entities within a specific 
reaction volume. A biophysical system is intrinsically 
heterogeneous and dynamic, implying that biological entities 
move (or migrate) in space over time as a result of interactions. 
We model this by the following approach.  

A. We tessellate a biophysical system into a number of small 
regions, each of which independently carries out a system of 
reactions obeying Equation (2) and updates propensities 
(update step, Equation (3)).  

B. Each such region R also interacts with neighboring regions 
(short-range communication) with one hop in 3D space and 
non-neighboring regions (long-range communication) with 2 
to 4 hops in 3D space in the system to exchange a number of 
biological entities based on specific probabilistic rules. At 
the end of this step (which we call migration step), the 
number of cells of each biological entity in any region will 
get updated, leading to propensities (Equation (3)) being re-
evaluated. 

Hence, the biophysical system presents a case of several 
concurrent update steps (within different regions) and coupled 
migration steps (across regions). Both steps involve extensive 
computation and communication.  In the actual system, each 
region has a fluid boundary. However, in our abstraction, we 
model these regions as cubes in three-dimensional space. Each 
cubic region has six neighbors in this model, and it exchanges 

cVUPPk

PUh
r

PUh
rd

d
UU

kd

VVIVIIIVP

PPUUPUP

UIIVUUU

+

++

+

++++

     ,     ,     ,     ,

     ,     ,     ,

     ,          ,     ,     ,

2015 Design, Automation & Test in Europe Conference & Exhibition (DATE) 1103



cells/molecules with them following a certain probability. We 
denote this kind of migration as neighborhood communication. 
However, there will be some exchange beyond the six immediate 
neighbors of each cubic region, albeit with progressively lower 
probabilities depending on the distance between the regions. We 
denote this kind of migration as non-neighborhood 
communication. It is to be noted that migration is a slower 
phenomenon compared to the update step. As such, in our model, 
the migration step occurs after every k update steps, or T/k denotes 
the migration step. For example, the migration step is 0.1T if it 
occurs after every 10 update steps. 

3.4 Design of NoC-Based Multicore 
3.4.1 Interaction among reaction channels 
The interaction among the channels with propensities defined in 
Equation (3) can be modeled based on the dependency graph 
inferred from Equation (2). According to the GSSA first reaction 
method, each reaction channel computes a putative time j of its 
own given by the following: 

j = -log(r) / Pj, where r is a uniform random number, 0 r 1   (4) 
For every iteration, we denote the minimum value of j as j* and 
the corresponding channel as Cj*, which updates all its dependent 
neighbors in the dependency graph for that iteration. The data 
contained in these updates represent the new propensity values 
calculated in Cj*. 

Pursuant to this discretized stochastic model of biomolecular 
reaction system with HIV-1 in the presence of gene therapy as a 
use-case, we create a (directed) dependency graph with 11 
vertices corresponding to 11 reaction channels represented in 
adjacency list format in Table 1 where vertex j represents reaction 
channel Cj. Each vertex in this graph computes the new propensity 
function (Equation (3)) in every iteration. The edges of this graph 
represent the cumulative data exchange communication occurring 
from Cj*, for all j*.  
The dependency graph of the reaction channels could provide the 
broad topological framework for inter-core data exchange. 
However, due to random numbers being generated at every step of 
the discretized reaction model, and the concomitant dependence 
of the update step described above, the traffic pattern subtends a 
unique topology in every step (basically, a subset of the 
dependency graph centered around Cj*). We carried out an 
extensive range of simulations with a variety of input conditions 
to cover a wide spectrum of reaction trajectories.  

We construct an undirected weighted dependency graph (WDG) 
out of the large number of reaction simulations mentioned above 
(and further in Section 4.1). We achieve this by assigning edge 
weights to the directed graph in Table 1 based on the 
characterized communication volume over a wide range of 
reaction scenarios. The weights here correspond to the amount 
and frequency of data exchange that occurred for the adjacencies 
over the simulation period. We carry out topology inference from 
this WDG using a Minimum Spanning Tree approach based on 
Kruskal’s algorithm [7]. The inferred topology is shown in Fig. 1.  

3.4.2 Clustering of reaction channels 
As explained earlier, there is extensive computation and 
communication during the update step in each of the regions, as 
well as during the migration step. This on-chip communication 
bandwidth requirement can be met only through a NoC. While the 
straightforward interaction between reaction channels presents an 
interesting case for mapping to a NoC, each reaction channel 
involves a rather small amount of computation to warrant an 
entire processing element. As such, we need to cluster the reaction 
channels (i.e. the tasks of propensity computation) into a few 
nodes. The nature of the dependency graph and the MST derived 
from it (cf. Section 3.4.1 and Fig. 1) and an analysis of the amount 
of computation (see Table 2) in each of the reaction channels led 
to clustering of the reaction channels within one region into three 
nodes (U0, U1 and U2) following Algorithm 1 shown below. The 
result is shown in Fig. 1. The time complexity of this algorithm is 
O(V log V) where V is the number of vertices in the MST. 
Algorithm 1 

Initiate the MST with adjacency list structure TreeAL  
Store all edges in a structure array TreeE 
Store all nodes in the array ClusterR 
Calculate the connection value for each edge stored in TreeE and store 
the value in TreeE  
Find the edge Ex with maximum connection value in TreeE 
While (true)  
    Set the vertex on one side of the Ex with more connected edges to vertex 
TarV 
    Set the vertex on one side of the Ex with less connected edges to vertex 
MoV 
    If (the sum of number of nodes in TarV and MoV <= LimitN)  

Move all nodes in vertex MoV to TarV in array CLusterR.  
 Mark Vertex MoV with invalid sign 
 For each neighboring vertex NV connected to MoV   

    Modify the edge between NV and MoV, set MoV to TarV 
     Recalculate the connection value  
 Find the new edge Ex with maximum connection value in 
TreeE   
    Else Break 
End While 

Table 1. Adjacency list representation of dependency graph 

Vertex Adjacency list Vertex 
 

Adjacency list 

1 {2, 3, 4, 5} 7 {2, 5, 6, 9, 10} 
2 {3, 4, 5} 8 {10} 
3 {2, 4, 5} 9 {10} 
4 {2, 3, 5, 8, 10} 10 {4, 7, 11} 
5 {2, 6, 7} 11 {4, 7} 
6 {2, 5, 7}   

Table 2. Computation load in each node of a region during one 
update step and a migration step 

Node ADD MUL DIV RANDOM 
NUMBER LOG COMPARE 

U0(1,2,4) 2 6 4 3 3 2 
U1(3,5,6,7) 2 10 5 4 4 3 

U2(8,9,10,11) 1 8 4 4 4 3 
M 30 60 0 0 0 2 

 

 
Figure 1. The solid lines connecting Cj vertices represent the MST derived 
from the weighted dependency graph (WDG). These vertices are then 
clustered into nodes U0, U1 and U2, where the update step in computed. 
The fourth node M is the one where migration step is carried out. The 
dashed lines indicate the links between M and each Ux. 
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Output all vertex in ClusterR without invalid mark. 

The migration step also involves exchange of cells across regions, 
and we dedicate one node per region to undertake the computation 
involved for this step. This node, M, communicates with all other 
nodes in the same region, and the corresponding node in other 
(neighboring and non-neighboring) regions. 

3.4.3 Communication during the migration step 
A pair of neighboring and non-neighboring regions exchange a 
few cells of each type. More specifically, this exchange is carried 
out between the nodes handling the migration step across different 
regions. Since each region R is modeled as a cube in 3-D space 
(see Fig. 2), the migration step node in R(i, j, k), i.e., R(i, j, k).M 
communicates with each of its neighbors, i.e. R(i+1,j,k).M, R(i-
1,j,k).M, R(i,j+1,k).M, R(i,j-1,k).M, R(i,j,k+1).M, R(i,j,k-1).M. 
This communication happens deterministically after a fixed 
number of GSSA update steps. For non-neighboring nodes, 
communication occurs with a probability P that decreases with the 
Manhattan distance between the pair of nodes, which is given by 
the following: 

    (5) 

where PA(x,y) is the probability of migration from a region 
centered at x to a non-neighboring region centered at y (in 3-D 
space) separated by a Manhattan distance Dis3, and NA is the 
number of molecules/cells of reactant A. 

3.4.4 Design of NoC architecture 
In the following, we describe the proposed NoC design. 
Specifically, this constitutes the computation cores and the on-
chip interconnection network. 

3.4.4.1 Computation core and interconnection fabric 
Each node, i.e., U0, U1, U2 and M, is mapped to a computation 
core in the multicore platform. Hence, the total number of cores 
required is four times the number of regions modeled. Our model 
envisages a 4×4×4 subset of regions (independent reaction 
volumes) in 3-D space. Hence the multicore platform we design 
contains 256 cores catering to these 64 regions. The mapping of 
the regions to the cores is shown in Fig. 3. Computation loads in 
Ux nodes are roughly balanced but that in M node is much higher. 
However, the migration step usually takes place after a few update 
steps. Hence, the effect is not pronounced unless the migration 
frequency is high enough (cf. Section 4). 
The placement of cores within one region is shown in Fig. 2, and 
the mapping and placement of regions is done in a tiled fashion as 
shown in Fig. 3. For nodes belonging to different regions, 
connectivity is required among the nodes of type M in each region 
(tile). Fig. 3 also shows the connectivity between tiles 
representing neighboring and next-to-neighbor regions, through 
direct wired links and pass-transistor-enabled bypass links [13].  

For non-neighborhood communication, we follow the 
communication intensity given by Equation (5) and carry out 
extensive simulations to determine the interaction probabilities 
across 64 regions. The plot shown in Fig. 4 depicts the intensity of 
non-neighborhood (i.e. beyond next-to-neighbor) communication 
that results from the use-case application. The peaks in Fig. 4 
represent the highest intensity of long-range communication. 

3.4.4.2 Wireless long-range links 
The interconnect topology in Fig. 3 is not equipped to support this 
long-range communication (cf. Fig. 4) without incurring a 
significant latency and energy penalty through multi-hop wired 
paths (cf. Section 4 for details). To overcome this challenge, we 
choose to implement these long-range links using wireless 
channels [14]. Implementing long-range links using different 
wireless technologies have been shown to deliver significant 
savings in latency and energy consumption [14][15][16]. In [14], 
it is demonstrated that it is possible to create three non-
overlapping channels with on-chip mm-wave wireless links 
working in the 10-100 GHz range. Three different channels can be 

 
Figure 2. Orientation of semi-independent neighboring regions in 3-D 
space, and placement of computation nodes within a region. 

 

 
Figure 3. This diagram shows the global placement of a subset (36) of 
all the 64 regions we have modeled. Six neighbors of R(2,3,3) are 
lightly shaded. The straight arrows indicate direct wired connectivity. 
The curved arrows (just one set shown for clarity) indicate pass-
transistor-enabled bypass connectivity through the switchbox. 

 
Figure 4. Plot showing intensity of only non-neighborhood 
communication among 64 regions. Note that the communication is 
symmetric; hence only one diagonal half of the matrix is plotted for 
clarity. The peak intensity pairs, indicated with circles, are the 
locations chosen for insertion of wireless links. 
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Table 3. Reaction parameters used in our simulations 

 

 
Figure 5. Sustained throughput delivered by our proposed NoC design 
with and without wireless links vis-à-vis pure mesh while simulating the 
use-case application with different migration step intervals. Each plotted 
point represents the number of GSSA update steps executed in 1 million 
clock cycles (i.e. 1 ms). 

 
Figure 6. GSSA throughput variance normalized with respect to that on a 
NoC with wireless links for different migration steps

 
Figure 7. Energy consumed every 105 GSSA update steps by our 
proposed NoC design with and without wireless links vis-à-vis pure mesh 
while simulating the use-case application with different migration 
intervals. 

designed with 3dB bandwidths of 16 GHz and center frequencies 
of 31, 57.5 and 120 GHz respectively, and each channel supports 
a data rate of 16 Gbps over a communication range of 20 mm. We 
add three wireless links corresponding to the three highest peaks 
in Fig. 4 to satisfy the most intensive long-range communication 
requirements.   

3.4.5 On-chip communication 
Within a region, nodes U0, U1 and U2 communicate among 
themselves during the update step. The new propensities at the 
end of this step are also communicated to node M. During the 
migration step, node M in each region communicates with the 
same node in each of its neighbors (and next-to-neighbors) the 
number of cells/molecules of each reactant in that region that 
migrate across the region boundary. This data exchange is 
bidirectional and takes place through wired links. Data exchange 
between (M nodes of) non-neighboring regions takes place 
through wired and wireless links. The wireless links (cf. Fig. 4) 
not only directly cater to the most intensive long-range 
communication, but they also act as shortcuts for (less intensive) 
long-range traffic between other source-destination region pairs. 
There is a marked improvement in latency and energy 
consumption of the NoC after the introduction of these wireless 
links, as we present in detail in the next section. 

4. EXPERIMENTAL RESULTS 
In this section, we present the detailed methodology for evaluating 
our proposed design and the obtained results.  

4.1 Intra- and inter-region communication 
As discussed in Section 3.4.1, we simulated over a wide range of 
initial cell counts (50, 100 and 500 for each cell type, i.e., U, P, 
IU, IP and V) and reaction parameters to determine the 
communication dependency graph. The reaction parameters that 
we experimented with are reported in Table 3 representing a 
realistic spectrum of infection and gene therapy treatment 
initiation scenarios [1]. We generated communication dependency 
graphs based on each scenario, and built a common subgraph (i.e. 
the WDG) and the subsequent MST as described in Section 3.4.1. 
The probability of inclusion of each edge of the inferred MST in 
each of the individual dependency graphs is very close to 1, 
indicating that there is an extremely high degree of confidence of 
the edges included in the final MST (cf. Fig. 1). Intra-region 
communication, i.e., among nodes U0, U1, U2 and M of one 
region, follows directly from the original communication graph 
and the clustering result. Of note, in an ordinary mesh, 
communication between diagonal nodes (e.g., M-U1) takes 2 
hops, while in our custom topology, the same takes 1 hop. 

4.2 Performance Analysis 
We use CMOS 65 nm technology node for our design and a 
system clock frequency of 1 GHz. Inter-core communication takes 
place with 16-bit wide flits. The wired links are adequately 
buffered so that the delays are less than one clock period (i.e. one 
hop). Energy dissipation of the network switches was obtained 
from the synthesized netlist by running Synopsys™ Prime Power, 
while the energy dissipated by wireline links was obtained 
through HSPICE simulations taking into consideration the length 
and layout of the buffered wireline links. The wireless links 
(including the transceiver circuitry) dissipate 1.95 pJ/bit. Wireless 
links can sustain a data rate of 16 Gbps over a 20 mm range of 
communication [14]. 

The key performance metrics that we evaluate are computation 
throughput and energy consumption. We present the results 

obtained on our custom-designed NoC topology with and without 
wireless links, and compare them with those obtained on a regular 
mesh. 

4.2.1 Computation throughput 
To measure the throughput of our design we report the number of 
GSSA update steps executed every 1 ms (or 1 million clock 
cycles). As mentioned earlier, the migration step has higher 
computation latency than the update step, and occurs after every 
few update steps. We show the sustained throughput achieved 
during our experiments over the run-time of the application when 
the migration step occurs after every 10, 5 and 2 update steps 
respectively in Fig. 5. As expected, the overall throughput metric 
shows a decline with increasing frequency of the migration step. 
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The highest throughput of ~1.36E5 updates/ms is obtained on our 
NoC with wireless links for a migration step of 0.1T. This 
represents more than 13% improvement over a pure mesh and a 
slight improvement over NoC without wireless links. This 
improvement goes up to 17% for migration step 0.2T and 23% for 
migration step 0.5T. This conclusively proves that our NoC 
indeed enables high intensity communication traffic, and that 
introduction of wireless links provides some throughput gain. 

Another interesting observation is that there is some variation in 
throughput over the simulation time but this variation decreases 
with higher migration frequency. For the same migration 
frequency, NoC with wireless links also delivers the least 
variation in throughput over time. To further investigate this, we 
analyzed the variance of throughput for each migration step and 
topology. We normalize these variances with respect to the lowest 
value (on NoC with wireless) and present the results in Fig. 6. The 
low variances in throughput obtained on our NoCs (with and 
without wireless) also point to the fact that the network responds 
better in avoiding transient congestions and deadlocks. 

4.2.2 Energy consumption 
We define our energy consumption metric as the energy 
consumed over the time taken by 105 GSSA update steps. We plot 
the energy consumption over the simulation time in Fig. 7. As 
expected, increasing migration frequency leads to higher energy 
consumption, because as mentioned earlier the migration step is 
more computation- and communication-intensive than the update 
step. For migration step 0.1T, the energy consumed every 105 
update steps on our NoC with wireless is ~15 mJ. Note that this 
number incorporates the communication energy from 105 update 
steps and the same from 104 migration steps. For this migration 
frequency, NoC with wireless links consumes 23% less energy 
than a pure mesh, and ~17% less energy than the same NoC 
without wireless links. Although the overall energy consumption 
on each topology goes up with increasing migration frequency, 
our NoC with wireless always saves more than 20% energy 
compared to a pure mesh. The savings due to wireless links alone 
(vis-à-vis the optimized wired NoC topology) are more than 14% 
in each case. This proves that introduction of wireless links indeed 
makes the design significantly more energy-efficient. 

5. CONCLUSIONS AND FUTURE WORK 
In this paper, we present an efficient NoC architecture for 
biochemical analysis of cell physiology. We develop a novel 
spatio-temporal stochastic model of biological interactions 
occurring at the cellular level that account for biological 
heterogeneity. We comprehensively profile and analyze the 
computation and communication workloads. This enables us to 
develop an optimization algorithm for NoC design that balances 
the computation and communication loads.  To reduce the 
communication energy consumption and node-to-node latencies, 
we propose an algorithm for application-specific long-range 
wireless link insertion. To prove the merits of our approach, we 
consider a realistic application, namely gene therapy, which aims 
to manage the HIV-1 infection and keep it under control 
(minimizing the HIV-1 virion population and slowing its 
mutational evolution). Our results show significant improvement 
in throughput and energy consumption over conventional mesh-
based NoC implementations. This represents a first step towards 
realization of fast, efficient multicore platforms enabling the era 
of mobile health and personalized medicine. 

REFERENCES 

[1] S. Aviran, P.S. Shah, D.V. Schaffer, A.P. Arkin, “Computational 
Models of HIV-1 Resistance to Gene Therapy Elucidate Therapy 
Design Principles,” PLoS Computational Biology, vol. 6, issue 8, 
August 2010. 

[2] L. Benini and G. D. Micheli, “Networks on Chips: A New SoC 
Paradigm,” IEEE Computer, Vol. 35, Issue 1, January 2002, pp. 70-
78. 

[3] T. Majumder, S. Sarkar, P.P. Pande and A. Kalyanaraman, "NoC-
Based Hardware Accelerator for Breakpoint Phylogeny," Computers, 
IEEE Transactions on , vol.61, no.6, pp.857,869, June 2012. 

[4] T. Majumder, M.E. Borgens, P.P. Pande and A. Kalyanaraman, "On-
Chip Network-Enabled Multicore Platforms Targeting Maximum 
Likelihood Phylogeny Reconstruction," Computer-Aided Design of 
Integrated Circuits and Systems, IEEE Transactions on , vol.31, 
no.7, pp.1061,1073, July 2012. 

[5] M. A. Gibson and J. Bruck, “Efficient Exact Stochastic Simulation 
of Chemical Systems with Many Species and Many Channels,” The 
Journal of Physical Chemistry A 2000 104 (9), 1876-1889. 

[6] D. T. Gillespie, “A general method for numerically simulating the 
stochastic time evolution of coupled chemical reactions, “ Journal of 
Computational Physics, Volume 22, Issue 4, December 1976, Pages 
403-434, ISSN 0021-9991. 

[7] J.B. Kruskal, Jr., “On the Shortest Spanning Subtree of a Graph and 
the Traveling Salesman Problem,” Proceedings of the American 
Mathematical Society, Vol. 7, No. 1 (Feb., 1956), pp. 48-50. 

[8] O. Lund, et al., “Gene Therapy of T Helper Cells in HIV Infection: 
Mathematical Model of the Criteria for Clinical Effect,” Bull Math 
Biol., vol. 59, issue 4, pp. 725-45, July 1997. 

[9] R. Marculescu, P. Bogdan, “The Chip Is the Network: Toward a 
Science of Network-on-Chip Design,” Foundations and Trends in 
Electronic Design Automation, vol. 2, no. 4, pp. 371-461, March 
2009. 

[10] U. Y. Ogras and R. Marculescu, “It’s a small world after all: NoC 
performance optimization via long-range link insertion,” IEEE 
Trans. Very Large Scale Integr. Syst., vol. 14, no. 7, 2006, pp. 693-
706. 

[11] J.J. Rossi, C.H. June, and D.B. Kohn, “Genetic Therapies Against 
HIV,” Nature Biotechnology, vol. 25, pp. 1444-1454, 2007. 

[12] G.F. Weber, “Gene Therapy – Why Can It Fail?”, Medical 
Hypothesis, vol. 80, pp. 613-616, 2013. 

[13] S. Sarkar, G.R. Kulkarni, P.P. Pande, A. Kalyanaraman, "Network-
on-Chip Hardware Accelerators for Biological Sequence 
Alignment," Computers, IEEE Transactions on , vol.59, no.1, 
pp.29,41, Jan. 2010. 

[14] S. Deb, A. Ganguly, P.P. Pande, B. Belzer and D. Heo,"Wireless 
NoC as Interconnection Backbone for Multicore Chips: Promises 
and Challenges," Emerging and Selected Topics in Circuits and 
Systems, IEEE Journal on , vol.2, no.2, pp.228,239, June 2012. 

[15] A. Ganguly, K. Chang, S. Deb, P.P. Pande, B. Belzer and C. 
Teuscher, "Scalable Hybrid Wireless Network-on-Chip 
Architectures for Multicore Systems," Computers, IEEE 
Transactions on , vol.60, no.10, pp.1485,1502, Oct. 2011. 

[16] T. Majumder, P.P. Pande and A. Kalyanaraman, "Wireless NoC 
Platforms with Dynamic Task Allocation for Maximum Likelihood 
Phylogeny Reconstruction," Design & Test, IEEE, vol.31, no.3,  pp. 
54,64, June 2014.

 

2015 Design, Automation & Test in Europe Conference & Exhibition (DATE) 1107



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


