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ABSTRACT

Models developed by domain experts occasionally struggle to achieve a sufficient execution speed. Im-
proving performances requires expertise in parallel and distributed simulations, hardware, or time to profile
performances to identify bottlenecks. However, end-users in biological simulations of the Human Immun-
odeficiency Virus (HIV) have repeatedly demonstrated that these resources are either not available or not
sought, resulting in models that are developed through user-friendly languages and platforms, then used
on workstations. This situation becomes problematic when performances cannot cope with the salient
characteristics of the phenomenon that is modeled, as is the case with cellular automata (CA) models of
HIV. In this paper, we optimize the Python code of CA models of HIV to scale the number of cells handled
by a simulation on a workstation commonly available to end-users. We demonstrate this scalability via
five HIV CA models and compare these results to assess how modeling choices can impact runtime.

1 INTRODUCTION

In fields such as cellular biology, individual-based models are often developed through user-friendly platforms
(e.g., MATLAB, RepastS, or NetLogo) or languages (Willem et al. 2017). As preferred platforms and
languages change over time, we now observe an increased reliance on Python, not only to assist with
analytical efforts such as visualizations (Ortigoza et al. 2020) but also to run the simulations (Ghosh and
Bhattacharya 2020). It is indeed relatively simple to produce a working code for a Cellular Automaton
(CA) in Python, as this activity is often given to students either in an introductory course (Giabbanelli 2012;
Giabbanelli and Jackson 2021) or an advanced beginners’ level course (Staubitz et al. 2016; Giabbanelli and
Mago 2016). This emphasis on simplicity of implementation has several benefits: subject-matter experts
can directly produce models, while in more complex projects modelers can focus on design and validation
rather than implementation (Vendome et al. 2020). The trade-off is often clear: “the simplicity of usage
was given higher priority than performance” (Guan and Clarke 2010). Intuitively, this is an acceptable
trade-off when a model can be small while remaining adequate for the problem at hand. In the case of CA,
‘small’ covers several dimensions: low number of cells (i.e. the height and weight of the grid), low number
of update steps, and low number of repeats (either because there is no randomness or because the desired
confidence interval requires few repeats). However, there are several problems that would be massive in all
three dimensions and for which the common reliance on user-friendly platforms leads to severe limitations
for models. Our paper aims to bridge this gap by demonstrating that Python-based solutions can achieve
high performances for cellular automata on a workstation, thus enabling users to better cope with the needs
of their problem while continuing to work in their preferred environment.
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In this paper, our application is the epidemiological problem of modeling the Human Immunodeficiency
Virus (HIV) within a human host. There are two reasons for which this application exemplifies the matter of
performances for CA code in Python. First, the problem is massive in all three aforementioned dimensions.
Consider that each cell of a HIV CA corresponds to a human white blood cell fighting infections, known as
a CD4" T cell. There is an estimated total of 10'! CD4* T cells in a whole body (Zhang et al. 1998). We
would also need a massive number of update steps to closely follow the biological course of HIV since this
disease requires treatment for life (i.e. long total time span) and many important events are in the scale of
hours to days (Murray et al. 2011). The large number of repeats observed in several models (Giabbanelli
et al. 2019) echoes the “large between-subject variation in estimated viral dynamic parameters [...] even
after accounting for variations in drug exposure and drug susceptibility” (Wu et al. 2005).

Second, several issues are caused by the disconnect between the small dimensions effectively managed
by the implementations of HIV CA models and the massive dimensions that characterize the biology of
HIV. Despite a development spanning almost 20 years, previous models have used grids of equal height
and weight in the order of hundreds of cells: 100 x 100 (Precharattana et al. 2010; Rana et al. 2015), 250
x 250 (Golpayegani et al. 2017), 500 x 500 (Hillmann et al. 2017; Hillmann et al. 2020) or 700 x 700 (dos
Santos and Coutinho 2001; Gonzélez et al. 2013). The exception is a 38 x 38 grid (Jafelice et al. 2015).
Modelers are aware that this captures at most half a million cells instead of hundreds of billion (Hillmann
et al. 2017). An issue is then the inability to set enough cells aside as latent reservoirs, which is a defining
feature of the disease and an important object of current research in immunology (Sengupta and Siliciano
2018). From a modeling standpoint, having too few cells means that the virus has to be artificially ‘slowed
down’ to avoid simulating implausible outcomes by using the same propagation rates as in reality but over
a much smaller space. The inability to have enough cells thus results in the inability to follow the necessary
temporal resolution for biological events (i.e. a spatial mismatch produces a temporal mismatch) (Giabbanelli
et al. 2019). Finally, since models already struggle to cope with spatial and temporal dimensions, it is no
surprise that they do not account for even more computationally intensive aspects such as viral mutations.
This drastically reduces their clinical relevance, since viral mutations and the drug resistance conferred are
“one of the major dangers that should be carefully investigated” (Ngo-Giang-Huong and Aghokeng 2019).

This paper builds on a recent article (Giabbanelli et al. 2020), which showed the first Python imple-
mentation that could run over six billion cells within ten minutes on a workstation. This article was devoted
to optimizing one model. In contrast, the contributions of the present article include (i) the development
of optimization schemes that work across a variety of models, hence creating reusable optimizations for
developers of HIV CA models; and (ii) an assessment of how changes in modeling choices can impact
performances based on five models.

The remainder of the paper is organized as follows. In section 2, we provide a brief background on
the CA models and techniques occasionally used to optimize CA; we refer the reader to (Giabbanelli et al.
2019) for detailed discussions about the design of each model. Our methods are detailed in section 3 and
results are presented in section 4, then discussed in section 5.

2 BACKGROUND
2.1 The Five HIV Models

Based on a survey of the literature and a selection of unique features (Giabbanelli et al. 2019), we selected
five HIV models to optimize (Moonchai and Lenbury 2011; Zorzenon dos Santos and Coutinho 2001;
Gonzilez et al. 2013; Rana et al. 2015; Precharattana et al. 2010). In line with previous research, we will
refer to each model by its first author, so “the dos Santos model” refers to the model published in (Zorzenon
dos Santos and Coutinho 2001). In the remainder of this section, we give an informal definition of the
type of CA under consideration. Furthermore, we will briefly discuss the common features shared by all
five models, and illustrate the operation of one model as an example.
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In all of the five models, the CA is represented as a regular n x n 2D lattice (i.e. a grid) of cells that
hold discrete states, representing their status with respect to HIV (e.g., healthy with or without therapy,
infected at various stages, dead). Each cell interacts with a small subset of all cells around it (called its
neighborhood) and may transition to another state based on transition rules. All of the five models adopt
the Moore neighborhood, which refers to the eight surrounding cells. The definition of neighborhoods
for cells on the boundaries of the grid is called the boundary condition. Most models use the periodic
boundary condition (Figure 1), such that an infection reaching an edge can now wrap around the CA to
continue its course. The one exception is the Rana model, which uses the fixed boundary condition. Finally,
in all five models, transition rules are applied in steps. The models are synchronous hence all cells are
updated simultaneously at each step. In other words, the update of a cell within a single time step does
not immediately affect other cells: the updated cell will only be visible and usable by other cells for the
next update. The total number of steps is 600 for all models.
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Figure 1: Illustration of CA definitions. The model has a grid size of n x n with n = 5. The possible
states of cells are numbers 0 to 4. For the green cell, its Moore neighborhood under the periodic boundary
condition is highlighted in yellow. When a transition rule is executed (red arrow), a cell with state 1
changes into 3.

To illustrate typical rules, we will now focus on the specific example of the dos Santos model. Because
the remaining four models build on it, illustrating the rules and execution of the dos Santos model serves
to understand common design features in other models. Note that the dos Santos model and its successors
do not take into account important biological features of HIV, such as mutation and drug resistance, in part
due to the performance constraints addressed in this paper. As such, their focus is often on reproducing the
qualitative trends in viral load rather than on making highly accurate clinical predictions. As mentioned
before, the dos Santos model considers the Moore neighborhood and the periodic boundary condition.
Furthermore, there are four cell states in the model, which are healthy (H), acute infected (/;), latent
infected (/;), and dead (D). Four transition rules (one per state) describe the evolution of the model:

1. H w1 if (1) there is at least one [; cell in its neighborhood, or (ii) there are at least y many /, cells
in its neighborhood. Otherwise, H — H. This rule simulates an infection from direct neighbors,
which is known as a ‘cell-to-cell’ infection by contrast to ‘cell-free’ infection via the bloodstream.

2. I — D if the cell has been in state /; for 7, time steps. If not, I; — I;. This rule simulates the
immune suppression of infected cells.

3. L+ D if the cell has been in state I, for 7, time steps. This rule reflects the fact that infected cells
will be killed by the immune system.

4. D — D with probability (1 — Pep). Else, D — I} with probability Pepi X Pifec, or D — H otherwise.
This rule represents the replenishment of new cells, possibly as infected cells.

By default, the parameters are y =4, 71 =4, Tp = 1, Bep = 0.99, and Ppec = 1 X 107>, In order for
the simulation to start, some cells have to be infected just in the same manner as a forest fire simulation
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would need burning trees to begin. We thus seed the simulation by iterating through all cells in an initially
infection-free grid and manually set their states to /; with probability Pyryv = 0.05.

The aggregate behavior as well as the 95% Confidence Interval (CI) of the model is given in Figure 2,
using our code to closely match the same figure by the original authors (Zorzenon dos Santos and Coutinho
2001). To further exemplify the execution of the model, snapshots of a single run at time steps 50, 200,
and 400 are plotted in Figure 3 showing the entire grid (top row) or focusing on a subset to detail the
shapes (bottom row).

—— Healthy
—F— Infected (/1 + /)

Fraction of total

0 5 10 100 200 300 400 500 600

Figure 2: Percentage of types of cells as a function of time in the dos Santos model on a grid of 700 x 700.
Error bars represent the 95% CI using 100 replications.

2.2 Optimization Techniques

Gosper proposed a powerful memoization algorithm (Gosper 1984), motivated by the famous deterministic
CA of Conway’s game of life. The memoization algorithm saved both memory and computation time
compared to a basic implementation, while also improving the scaling behavior of the CA. This is achieved
by exploiting the regularities of CAs at small scales and doing away with storing all cells in a contiguous
array. Instead of computing and storing multiple copies of the same configuration, only the first occurrence
is computed, and reference to the resulting grid is shared for any future repetitions (Gosper 1984).

A synchronous CA is a typical example of an “embarrassingly parallel” workload since the synchronous
update allows to compute the next state of each cell independently based on a local neighborhood. Specifically,
rules can be applied to different cells concurrently with no side effects by using a lattice to read the current
state of each cell and another lattice to store their next state. This aspect was detailed in the seminal
volume “Cellular Automata: A Parallel Model” (Delorme and Mazoyer 2013) and is used in simulations
that leverage GPU/CPU architectures for large-scale parallelism (Guan et al. 2016; Gibson et al. 2015).

In terms of applications in HIV simulations, (K&ster et al. 2020) profiled the dos Santos model to
identify bottlenecks in CA simulations. The authors identified several factors closely tied to the runtime
by using controlled synthetic benchmarks emulating the rules of the dos Santos model, as well as several
test optimizations. Their results indicate that the generation speed of random numbers and the number of
healthy cells (which have the most computationally intensive transition rules) produced by the model have
the most weight, whereas memory access pattern has minimal influence. The largest performance gains
could be made by exploiting the extreme (near deterministic) values for the probabilities in the system, thus
reducing the amount of branching in the code and the number of random values that need to be computed.
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Figure 3: Snapshots of a single run on the dos Santos model on a grid of 700 x 700 at time steps 50, 200,
and 400. The whole grid is shown at the top and its top-left corner is magnified in the figure underneath
to observe how boundaries change during the simulation.

3 METHODS
3.1 Optimization Methods

We considered five optimizations, which are (1) Just-In-Time (JIT) compilation, (2) parallelization, @ fast
pseudo random number generators (PRNG), (4) simplified neighborhood checks, and (5) pointer swapping.
Each optimization will be detailed in subsections 3.1.1 to 3.1.5. Each optimization can be enabled
independently of the others, but for one exception: optimization @ is only meaningfully achievable when
optimization (1) is enabled due to the Global Interpreter Lock (GIL) in the Python language. Although
we presented all five implementations previously (Giabbanelli et al. 2020), they were tailored to the dos
Santos model. In contrast, we now abstract them such that they can be readily applied to any CA HIV
model instead of being manually crafted for one particular model. The difference is particularly visible for
optimization (4), which is now algorithmically constructed.

3.1.1 Just-In-Time (JIT) Compilation

Python is often compared to languages such as C++ on the basis of being an interpreted language and
hence being slower than compiled languages. Compiling Python into statically typed, optimized machine
code is thus essential to bridge this gap. We use the open source JIT compiler Numba for its ease
of integration with existing Python code. To specify that a function should be compiled into machine
code, one simply needs to mark the Python function with the decorator @jit. Upon the first call to a
@jit-decorated function, Numba translates the Python function into C/C++ code with types inferred at
call time, and compiles the generated code using the industry-standard LLVM compiler. According to the
authors, “Numba-compiled numerical algorithms in Python can approach the speeds of C or FORTRAN”
(http://numba.pydata.org/). The improvement is most expected in loops, which can be compiled a single
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time instead of being repeatedly interpreted by the Python interpreter. This is particularly useful for cellular
automata since the lattice containing cell states must be looped through and updated frequently.

3.1.2 Parallelization

On a regular workstation, possibilities for parallelism are more limited than on a compute cluster (leveraging
multiple nodes) or in settings equipped with many CUDA cores (leveraging graphical processing units).
The main opportunity explored in this paper is the use of multithreading such that different parts of a lattice
can be updated by their own thread in order to significantly reduce the amount of time needed to compute
a step. We rely on the auto-parallelization feature (similar to using an OpenMP directive) of Numba to
split tasks into multiple threads, each of which is processed by a different core in the CPU.
Multithreading in Python faces a limitation: the GIL ensures that only one thread can manipulate objects
or use the Python API at a given time. This makes the code execution safe since there can be no thread
interferences, but it is also restrictive as it prevents multithreading and hence limits the execution speed of
parallel workloads. Fortunately, Numba provides the nopython compilation option, which ensures the
compiled function will not access the Python API during execution, effectively sidestepping the GIL.

3.1.3 Fast Pseudo Random Number Generators (PRNG)

Both the Python API and Numba use the Mersenne Twister PRNG to generate random numbers. Since
dead and healthy cells transform based on probabilistic rules, increasing the generation speed may decrease
runtime, particularly in later parts of a simulation run when more dead cells are present. The Xorshift
family of PRNGs repeatedly applies a sequence of shift and xor operations, which are fast to compute.
As these PRGNS fail several statistical tests, they have been improved through other operations, resulting
in “scrambled Xorshift generators”. Xoroshiro128+ is one of the latest ones (Blackman and Vigna 2018),
serving as the successor to the xorshift128+ adopted in the Chrome browser. The shift/rotate-based linear
transformations used by xoroshiro128+ allow this PRNG to generate values faster than most popular PRNGs,
and the results are also of a higher statistical quality. The code originally developed in C (http://xoroshiro.di.
unimi.it/xoroshiro128plus.c) was later ported to Python by Numba as part of the library for random number
generations on CUDA GPU (https://github.com/numba/numba/blob/master/numba/cuda/random.py). We
re-purposed the Numba code for our HIV CA models by removing the CUDA dependencies.

When using the default random number generator, the generator’s state is managed in the thread-local
memory, which cannot be easily accessed in Python. When using our own random number generator, we
thus store a separate randomly initialized state for each chunk of parallel work, that is, each row of the
CA. These chunks are assigned to different threads by Numba as part of its workload balance scheme.

3.1.4 Simplified Neighborhood Checks

In contrast with the three aforementioned optimizations, which can be applied to any synchronous and
stochastic CA, this optimization needs to be adjusted based on the model. That is, this optimization is
applicable if the CA model has exactly one neighborhood driven transition rule with the following form:
cell i with state S transitions to state 7" if there is either at least 1 cell of state 7 or x (2 < x < 8) cells of
state T’ among the Moore neighbors of cell i. In the 5 models we consider here, this rule manifests as the
transition from healthy cells to acutely infected cells under the presence of acute or latent infected cells,
and )} = 4. Traditionally, this check is implemented by visiting all neighbors and counting the number
of cells with states T or T’, in which up to 16 comparisons can be performed. We aim to reduce the
number of checks by encoding states as numbers in such a way that when we sum up the encoded values
of all neighbors of a cell, only one comparison against a chosen threshold « is needed to determine if the
transition rule is satisfied. Our solution is explained in the next paragraph and then we provide an example.

We denote by E : . — Z the encoding function, where .7 is the set of states. Intuitively, E specifies
how to replace all of the states (e.g., ‘healthy’, ‘sick’) by integer values (e.g., 5, 2). There are two cases:
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the states T and T’ which trigger the transition need to be replaced carefully, while all other states can be
mapped to the first few integers in any order. Formally, let U = .\ {T, T’} be the set of all states other
than 7 and 7’. We number these states consecutively from 1 to |U|, that is, E(U) = Zjy| = {1,2,...,|U|},
where E : U — Zjy, is bijective. The order of the numbering does not matter. The encoding of 7' and T’
need to be more carefully designed as the occurrence of these two states dictate whether the transition rule
is applied. Suppose for now that there are no cells of state T'. To distinguish between having y — 1 many 7’
neighbors (in which the transition rule will not apply under our assumption) and having at least y many 7’
neighbors (where the transition rule will apply), we can assign to 7’ a number E(7”) large enough such that
the sum of any configuration involving ) — 1 or less 7’ neighbors will be less than yE(T’). Consequently,
E(T') satisfies the following inequality:

XE(T") > (x = DE(T")+(8—(x —1)|U], (1)

from which we can choose E(7') = (9 — x)|U| + 1. To finish the construction, we choose E(T) = xE(T")
and set the threshold « to the same value. As a result, the transition rule is applied to a cell if and only if
the sum of encoding of all its neighbors is at least c.

For a concrete example, consider the dos Santos model in which there are four cell states H, D, I} and I,
that stand for healthy, dead, acute infected and latent infected, respectively (c.f. section 2.1). Following the
notation above, U = {H,D}, T =1}, T' = I, and ) = 4. As there are two states {H, D} other than infected,
we assign them the numbers 1 and 2; that is, E(D) =1, E(H) = 2. Then, E(L) = (9—4)x2+1=11,
and @ = E(I}) =4 x E(I;) = 44. Figure 4 exemplifies the use of simplified neighborhood checks.

W Dead (D— 1) Healthy (H — 2) Latent Infected (I, +— 11) B Acute Infected (I} — 44)
11 1111 11 11 11
1 11
'_
44 11 1111
IM+114+1141+ Inm+11+14+142+ I+114+14+114+1+
24+44+2+2=84> 24+114+2=41< 114+1142=49 >
44, Rule Triggered 44, Not Triggered 44, Rule Triggered

Figure 4: Examples showing the operations of simplified neighborhood checks for the center cell. Encodings
are calculated using cell states listed in the dos Santos model.

3.1.5 Pointer Swapping

Programmatically, to ensure that all updates within one step are done independently, computation results
are written to an intermediate buffer array (buffer) of the same shape as the CA grid (grid). When
all cells have been updated, the values in buf fer are normally copied over to grid. However, since
the values in buf fer are not important once they have been copied, we do not need to iterate through
the buf fer and copy each value onto grid. We circumvent this costly copy operation by swapping the
references of grid and buffer using the pythonic construct “grid, buffer = buffer, grid”.

3.2 Implementation and Experimental Set-up

We implemented all possible combinations of the optimizations discussed in the previous subsection, for
all five HIV models. To examine the benefits and the generality of these optimizations, we computed the
maximum grid length (i.e. the maximum # of an n X n grid) that can be simulated within 10 minutes on a
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workstation for each combination of optimizations and each of the five CA HIV models. This subsection
details the implementation and approach to timing, while results are provided in the next section.

To examine the interactions between the optimizations, we seek to measure performances of all five
models on all possible combination of optimizations. To avoid the error-prone approach of manually writing
the scripts for all combinations, we create a more systematic and reusable solution whereby each script
is automatically generated based on the optimizations to enable. For simplicity, each of the automatically
generated scripts for a given combination of optimizations is denoted using 5-digit binary numbers of the
form 010,030405, where O; = 1 means that optimization (i) is enabled, and O; = 0 means (i) is disabled.

As explained in 3.1.2, there is one invalid combination: (2) is enabled but optimization (1) is not.
Since combinations 01xyz where x,y,z € {0, 1} are invalid, this leaves 2 — 23 = 24 possible combinations
of optimizations to implement for each HIV model. To automatically generate the 24 possible scripts, we
use the template language provided by the jinja2 library. At generation time, appropriate Boolean flags
are passed to the template processor indicating the optimizations to enable, then the optimized scripts are
written instead of the unoptimized ones. The code listing (Figure 5) gives an excerpt of the template file.
If we render this file with optimizations|[ ‘swap’] = True, line 2 will appear in the rendered file.

1 {% if optimizations['swap'] %}

2 grid, buffer = buffer, grid
s {% else %}

4 grid[:] = buffer[:]

s {% endif %}

Figure 5: Excerpt of the template file to toggle optimizations

To quantify the improvements brought forth by the optimizations, we examine the throughput of the
differently optimized scripts by finding the largest grid length n of an n X n grid so that the entire simulation
finishes within 10 minutes, with a tolerance for error of 1 minute. One approach would be to use binary
search. Starting from a value b, we keep doubling b until the run time of the b x b CA exceeds 10 minutes.
Then, the desired grid length is contained in the interval |0, b], and binary search can be employed. However,
binary search is only effective when element access takes O(1) time, whereas checking whether an n x n
CA finishes within 10 minutes (constituting an “element access™) has time complexity ®(n?). As a result,
using a binary search in the experimental set-up would be inefficient. Through experimentation, we noticed
that the run time ¢ is almost directly proportional to n* for grid sizes that are sufficiently large yet small
enough to finish within 10 minutes. Therefore, if we approximate ¢ = an?, determining a will allow us to
estimate the largest n runnable under 10 minutes. The procedure leveraging this observation to efficiently
find n is described in Algorithm 1. Lines 4-6 ensure that n is sufficiently large so that the approximation
t = an® is accurate. From there on, lines 7-10 iteratively refine the estimate of n using timing information
of the previous run. For each combination of optimizations and of each model, Algorithm 1 is ran 10 times
(i.e. 10 repeated measurements) to produce confidence intervals.

4 RESULTS

To provide full transparency and support the replication of results, our scripts are provided at https:
/losf.io/uxmkv/. Readers wishing to replicate this section can use the scripts located under WinterSim’21-
Applications. All results are obtained with dual Intel Xeon Gold 6126 processors through a university
computing cluster (Redhawk at Miami University), which individually resemble professional workstations
locally available to users of HIV CA models. Each processor has 12 physical cores at 2.60 GHz, and all
24 cores are used in the benchmark. Results are summarized in Figure 6, with 95% confidence intervals
plotted as error bars. As the Cls are tight, there was no need to perform additional measurements.
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Algorithm 1 Finding the largest n such that the simulation finishes within 10 minutes (i.e. 600 seconds).

1: procedure FIND

2 n<+1 > Result to return, iteratively becomes better
3 <0

4 while t < 60 do > Ensure that n is large enough before estimating a
5: t < measure the execution time of CA in seconds with grid length n

6 n<+2n

7 while not 540 < ¢ < 660 do > Keep estimating » unless ¢ is within 1 minute of 10 minutes
8 a<t/n?

9: n < |4/600/a| > Best estimate of n using a
10: t < measure the execution time of CA in seconds with grid length n

11: return n

Apart from the Moonchai model falling slightly short (due to its two-compartment design, effectively
doubling the computational load), we were able to simulate over a billion cells in under 10 minutes for all
the remaining models with all optimizations enabled. Furthermore, turning any optimization on is always
beneficial, except in the case where only optimization @ is turned on. Although the averages suggest a
performance decrease, a two-sample #-test (o0 = 0.05) shows that differences are not statistically significant.

Comparisons within the same model shows the effectiveness and generality of the proposed optimizations.
By comparing across models, we observe differences which are primarily due to two reasons. First, a
model such as Rana takes longer than the dos Santos model because of its transition rules: they require
more random numbers need to be generated for a given transition rule, and the cell states that require
neighborhood checks (i.e., healthy cells). Second, being treatment models, Gonzalez and Rana models
maintain higher levels of healthy cells throughout the simulation compared to others (Figure 7). Because
healthy cells have transition rules involving neighborhood checks, having more healthy cells leads to more
computationally expensive updates.

S DISCUSSION AND CONCLUSION

Cellular automata have often been developed and implemented by research groups for which “the simplicity
of usage was given higher priority than performance” (Guan and Clarke 2010). Simple implementations
in popular languages such as Python can run sufficiently well on professional workstations when three
conditions are met (Giabbanelli 2019): there is a low number of cells, few update steps, and a small number
of repeats. However, in practice, all three conditions may be violated. Using the example of the Human
Immunodeficiency Virus (HIV), there is an enormous number of cells (in the order of 101 (Zhang et al.
1998; Wong and Yukl 2016), a large number of updates (events of interest happen over hours but the
lifecourse of the virus is over years) (Murray et al. 2011), and many replications are necessary given that
large variations are one of the hallmarks of HIV (Wu et al. 2005). As simple implementations cannot cope
with this situation, a vast number of models have been developed (Precharattana et al. 2010; Rana et al.
2015; Golpayegani et al. 2017; Hillmann et al. 2017; Hillmann et al. 2020; dos Santos and Coutinho
2001; Gonzalez et al. 2013; Jafelice et al. 2015) by making problematic compromises such as artificially
‘slowing down’ the virus so that it does not spread too fast in a small space. The value proposition of these
models is negatively affected: since they cannot cope with simulating baseline dynamics at the appropriate
scale, they are also far from supporting features of interest for clinical decision making such as tracking
viral mutations and ultimately prediction when/how to change drug regimen. There is thus a necessity to
fill the gap between the simplicity of model development and the reliance on professional workstations, as
they are clear preferences and common practices from user groups, while improving performances.

We started to address this gap in 2020, through our study on performance bottlenecks (Koster et al.
2020) and our tailored solution for a single HIV CA model (Giabbanelli et al. 2020). In this paper, we
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Figure 6: Maximum grid length such that the CA simulation finishes within 10 minutes for all HIV models
and all the differently optimized scripts. Error bars plot the 95% confidence intervals. The symbol “()”
indicates that optimization is active. The high-resolution figure in the digital version of this article can be
zoomed in.

significantly extended our previous efforts by optimizing the performances of five HIV CA models and
contrasting their runtime based on model features. Using our approach and template generator, modelers
can move from very small n X n grids with n in the order of hundreds to large grids with n in tens of
thousands, while continuing to rely on a user-friendly programming environment and accessible hardware.
The performance gains depend on model design, as some can run almost five billion cells while others
are closer to one billion. Treatment models are at a disadvantage for performance, because their higher
prevalence of healthy cells triggers more computationally expensive rules. Future research should focus on
optimizing treatment models, since most HIV CA models currently developed reflect the fact that patients
would have some level of access to treatment even if adherence is imperfect. As our results show that HIV
CA models can now cope with a large number of cells, the next frontier would be to incorporate mutations
and drug resistance. These aspects are essential in the biology of HIV as well as in the nature (i.e., which
drugs to use) and timing of treatment. While mutations and drug resistance could not be incorporated
previously due to computational limitations, the performance gains in our study suggest the feasibility of
adding established mutation databases to future simulations, such as the Stanford HIVdb Program (publicly
available at https://hivdb.stanford.edu/) which can be accessed during a simulation via a web service.
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