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 A B S T R A C T

Simulators are critical tools for decision-making in forest management. We propose a dataflow-based model 
linking approach to increase the flexibility and modularity of forest simulator software while maintaining high 
computational efficiency. Our approach dynamically constructs a data model and model chains for simulation 
based on a model library, enabled treatments, and requested output variables. Models are framework- and 
language-independent pure functions, described through metadata in a domain-specific language. A case study 
with three model libraries demonstrates the applicability and efficiency of our approach. We observed a 96% 
speedup compared to an unoptimized real-world model implementation, while 95% of our code (measured 
by lines) was framework-independent and reusable. We observed a 15% slowdown compared to an optimized 
hand-written C implementation of a simpler model. We conclude that dataflow-based model linking can be 
used to build flexible and modular simulation software with a small runtime overhead.
1. Introduction

Forest simulators are software tools that use forest dynamics models 
to predict forest development under hypothetical scenarios (Hasenauer, 
2006). Modeling approaches vary between empirical and process-
based, spatially dependent and independent, deterministic and stochas-
tic, and tree-level, stand-level and landscape-level (Weiskittel et al., 
2011). The level of sophistication of forest dynamics models has his-
torically kept increasing simultaneously with the availability of data 
and computing resources (Shifley et al., 2017). In addition to forest 
dynamics, simulators also include models for silvicultural treatments, 
economics, natural disturbances, and other information of interest such 
as biodiversity and carbon sequestration (e.g. Hynynen et al., 2002; 
Lämås et al., 2023).

Forest simulators are widely utilized in decision-making, planning, 
research and education (Muys et al., 2010; Nobre et al., 2016; Segura 
et al., 2014) and therefore it is important that they are kept up-
to-date with the latest scientific knowledge, as modeling approaches 
advance and data availability increases. This importance has led to 
the development of forest simulator software frameworks such as Cap-
sis (Dufour-Kowalski et al., 2011), SIMO (Rasinmäki et al., 2009), 
and SiTree (Antón-Fernández and Astrup, 2022). Frameworks abstract 
technical details and provide reusable implementations of common 
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functionality (Gamma et al., 1994), allowing researchers to focus on im-
plementation and integration of models. Forest simulator frameworks 
are related to generic environmental modeling frameworks (e.g. OMS
(David et al., 2013), OpenMI (Harpham et al., 2019; Moore and Tindall, 
2005)), which support the reuse and sharing of models regardless of 
their scientific domain. Although the forestry community has opted to 
use forestry-specific frameworks instead of generic ones, both types of 
frameworks share similar goals and designs.

Forest models are typically composed of case-specific sub-models 
(e.g. per region, soil type, or tree species) for each output and auxiliary 
variable (e.g. Hynynen et al., 2002; Lämås et al., 2023). Sub-models are 
developed separately, and therefore it is desirable that not just the com-
posite model, but also its individual components can easily be updated 
and reused. Sub-models can either be linked directly in code by ex-
plicitly programming the calculation logic, or implemented as reusable 
components in a framework. However, as the number of sub-models 
and variables increases, defining and managing the links between sub-
models becomes more difficult, consuming time and resources, and 
reducing the maintainability of the simulator system (Nuutinen et al., 
2010). The accumulation of complexity over time decreases flexibil-
ity (Martin, 2017) and may ultimately lead to the need to start over 
with a new system (e.g. Salminen et al., 2005; Strîmbu et al., 2023). 
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Complexity also increases the likelihood of bugs, which may be hard to 
find due to the difficulty of testing numerical simulation software (He 
et al., 2020).

In this paper, we describe a new forest simulator software frame-
work and its underlying dataflow-based model linking scheme. Our 
work focuses on developing a framework-level solution to the main-
tainability challenges arising from the complex internal structures of 
some forest models. To this end, we take a fine-grained, automated 
approach. In general, the granularity (level of detail) of a compo-
nent represents a tradeoff between component complexity and linking 
complexity: a model can be divided into a large number of sim-
ple, fine-grained components, or a smaller number of more complex, 
coarse-grained components (de Kok et al., 2015; Donatelli and Rizzoli, 
2008). However, the complexity of linking a large number of fine-
grained components can be reduced by linking models automatically 
based on metadata (e.g. Nuutinen et al., 2010; Villa, 2007 in the 
context of knowledge representation and reasoning). Model linking 
and calling in our framework is based on a domain-specific language 
(DSL) for describing model metadata. The model linking scheme is 
language-agnostic, and support for multiple programming languages is 
implemented. While our application is in forestry, the model linking 
scheme is general and also applicable in other domains. In partic-
ular, model linking does not assume specific objects or variables: 
required state variables are discovered as a part of model linking. 
This way our scheme can support many of the various representations 
used by forestry models (e.g. individual trees (Hynynen et al., 2002), 
strata (Siipilehto, 2000), cells (Wang et al., 2014), matrices (Packalen 
et al., 2014)). To support the reusability and testability of models, 
our framework takes a lightweight (Lloyd et al., 2011; Rizzoli et al., 
2008) approach: all models are pure functions operating only on nu-
meric values, and do not implement any specific interface or use 
framework-specific functions or classes.

While coarse-grained components require few model calls that each 
perform a large amount of work, making the computational overhead 
of model calling negligible (e.g. Knapen et al., 2013), for fine-grained 
components, the inverse is true: the system needs to perform a large 
number of model calls with each performing a small amount of work, 
meaning the model call overhead has a larger effect on overall runtime. 
Our framework aims to minimize the computational overhead of dy-
namic model selection and cross-language function calling by compiling 
generated model chains to machine code at runtime using a just-in-time 
(JIT) compiler. We take care to minimize the total number of model 
function calls by generating model chains that only call a model if its 
result is known to be needed, and reuse results of previous model calls 
where possible.

The rest of this paper is organized as follows. Section 2 sets up 
formal semantics for the model linking scheme, independently of the 
technical implementation. Section 3 describes the software implemen-
tation of the forest simulator framework based on the scheme of 
Section 2. Section 4 presents a case study with three different model 
libraries. Sections 5 and 6 conclude by summarizing the results of the 
case study, limitations of our approach, and potential future work.

2. Model linking scheme

2.1. Concepts

Code in forest simulator software commonly serves one of the three 
following purposes:

1. pure, self-contained model functions that implement mathemat-
ical models such as prediction of tree attributes like crown ratio 
or volume;

2. calculation logic that combines individual model functions into 
model chains such as growth or regeneration;

3. application logic that updates simulation state by executing 
model chains, and reports simulation outputs.
2 
Type 1 functions are simple: often they are just direct transcriptions 
of mathematical formulas. They are self-contained, single-purpose, and 
rarely modified. Type 2 code, on the other hand, is more complex 
because it must take into account the dependencies between all type 
1 functions it calls. Every time a new type 1 function is added, type 2 
code and related data structures must be modified accordingly.

The goals of our model linking scheme are twofold: (i) separate 
model functions from application logic and other model functions, so 
that they can be independently reused and tested; and (ii) automatically 
generate model chains and a data model from model functions, so that 
there is no need to write and maintain any type 2 code. We deal with 
two main concepts: models that describe how variables are computed 
from other variables, and applications that describe what to do with 
those variables. Models do not directly interact with applications or 
other models. Instead, they refer to variable names from a common
vocabulary. Given an application and a model library consisting of 
individual models, model linking produces model chains and a data 
model suitable for simulating the application.

2.2. Semantics

We now set up precise semantics for how the concepts interact 
with each other. This is important, because the semantics determine 
the types of optimizations and analyses a software implementation 
can perform. Our aim is to define relaxed semantics that allow the 
dataflow compiler freedom in the choice of execution order and elim-
ination of redundant work. Namely, we avoid any procedural con-
structs such as side-effects and mutation, and instead treat models as 
pure mathematical functions linking the values of input and output 
variables.

Formally, a vocabulary is a pair ( ,  ), where  is a set of variables, 
  is a set of tables, and each variable 𝑣 ∈  belongs to a table 𝑇 (𝑣) ∈  . 
Tables are analogous to database tables whose columns are variables, 
and rows are instances. A simulation state 𝑠 assigns a value 𝑠(𝑣, 𝑖) for each 
instance 𝑖 ∈ N of a variable 𝑣 ∈  . The number of instances a variable 
has is given by the size of its table, which is a global variable. The table 
of global variables 𝑔 ∈   always has size one. We use the notation 𝑠(𝑣)
to refer to the values of all instances of 𝑣. If 𝑧 is a list of 𝑛 integers, 
𝑠(𝑣, 𝑧) refers to the list of values 𝑠(𝑣, 𝑧𝑖) for each 𝑖 = 1,… , 𝑛.

An application is a pair (,) consisting of a set of actions  and 
a set of observed variables  ⊂  . Actions define how the values of 
variables change during simulation, and observed variables determine 
the simulation output. Formally, an action 𝑎 ∈  maps a state 𝑠 to 
another state 𝑠′ = 𝑎(𝑠). We denote by 𝑂(𝑎) the set of variables 𝑎 may 
change, and by 𝐼(𝑎) the set of variables 𝑎 depends on. A simulation of 
𝑛 steps starts from an initial state 𝑠0, applies actions 𝑎𝑖 ∈  at each 
𝑖 = 1,… , 𝑛 to obtain 𝑠𝑖 = 𝑎𝑖(𝑠𝑖−1), and observes 𝑠𝑖(𝑣) for 𝑣 ∈ .

A model library  is a set of models. A model 𝑚 ∈  is an object 
with: a table 𝑇 (𝑚) ∈  ; an output 𝑂(𝑚) ∈  ; inputs 𝐼1(𝑚),… , 𝐼𝑁(𝑚)(𝑚) ∈
 ; input instances 𝐽1(𝑚),… , 𝐽𝑁(𝑚)(𝑚) ∈  ; a condition 𝐶(𝑚) ∈  ; and 
a model function 𝑓𝑚. Models tie together the values of variables. Each 
model states: ‘‘if the model condition is true, then the value of the 
output variable is the result of applying 𝑓𝑚 on the input variables’’. 
Formally, at every simulation step, the state 𝑠 must satisfy the invariant 

𝑠(𝐶(𝑚), 𝑖) ⟹ 𝑠(𝑂(𝑚), 𝑖) = 𝑓𝑚(𝑠(𝐼1(𝑚), 𝑠(𝐽1(𝑚), 𝑖)),… ,

𝑠(𝐼𝑁(𝑚)(𝑚), 𝑠(𝐽𝑁(𝑚)(𝑚), 𝑖)))
(1)

for each model 𝑚 ∈  and instance 𝑖. The requirement that each model 
outputs one variable is technical and simplifies notation, but does not 
limit generality (see Appendix A.1).

The set of all variables referenced by a model 𝑚 is denoted by 
𝐼(𝑚) = {𝐼1(𝑚),… , 𝐼𝑁(𝑚)(𝑚), 𝐽1(𝑚),… , 𝐽𝑁(𝑚)(𝑚), 𝐶(𝑚), 𝑆(𝑇 (𝑚))}, where 
𝑆(∙) denotes the size variable of a table. We also define 𝐼(𝑣) and 𝑂(𝑣)
for a variable 𝑣 ∈  as the set of models that have 𝑣 as an output or 
input, respectively: 𝐼(𝑣) = {𝑚 ∈  ∶ 𝑂(𝑚) = 𝑣}, and 𝑂(𝑣) = {𝑚 ∈



T. Lempinen et al. Environmental Modelling and Software 194 (2025) 106661 
 ∶ 𝑣 ∈ 𝐼(𝑚)}. If 𝐼(𝑣) = ∅, that is, 𝑣 is not the output variable of 
any model, then 𝑣 is called a data variable. Otherwise, 𝑣 is called a
computed variable. We assume that at each simulation state 𝑠, for each 
computed variable 𝑣, the condition 𝑠(𝐶(𝑚), 𝑖) in (1) is true for exactly 
one model 𝑚 ∈ 𝐼(𝑣) and one instance 𝑖. This is a technical assumption 
that can always be satisfied by suitable augmentation of the vocabulary 
and model library (see Appendix A.1). It guarantees that each computed 
variable has a well-defined value, and that the simulation state is 
completely determined by the values of data variables. We can now 
also assume that all variables 𝑂(𝑎) modified by an action 𝑎 are data 
variables, because computed variables only have one possible value. To 
obtain an initial simulation state 𝑠0, it is sufficient to assign an initial 
value to each data variable, for example by reading it from a database.

The vocabulary ( ,  ) is mostly implicit. Namely, given an applica-
tion (,) and a model library , we can set
 =  ∪  ∪ ,

 = {𝑇 (𝑥) ∶ 𝑥 ∈  ∪},

where  and  are obtained by collecting all variables referenced 
in the actions and models, respectively:
 =

⋃

𝑎∈
𝐼(𝑎) ∪ 𝑂(𝑎),

 =
⋃

𝑚∈
𝐼(𝑚) ∪ {𝑂(𝑚)}.

What remains to be explicitly specified is the size of each table, that is, 
the variables 𝑆(𝑡) for 𝑡 ∈  .

2.3. Dataflow graph analysis

We construct and analyze a dataflow graph to determine model 
chains and a data model. Given a vocabulary ( ,  ) and a model library 
, the dataflow graph 𝐺 is a directed graph with nodes ∪, forward-
edges 𝑂, and back-edges 𝐼 , where 𝑂 and 𝐼 are as defined in the previous 
section. We denote by 𝑅𝐸 (𝑥) the set of nodes reachable through edges 
𝐸 ∈ {𝐼, 𝑂} from a node 𝑥 ∈  ∪ or an action 𝑥 ∈  of an application 
(,).

Evaluating a computed variable 𝑣 ∈  corresponds to a partial 
post-order walk of its model chain, the subgraph 𝑅𝐼 (𝑣). However, our 
relaxed semantics give us freedom in choosing the evaluation strategy, 
as we are not required to call model functions in any certain order or 
number of times. The main choice to be made is whether the value 𝑠(𝑣)
of a computed variable should be stored after computing it once, or 
recomputed every time it is used. Storing the value requires additional 
bookkeeping during reads and writes, and prevents the dataflow com-
piler from inlining the expression. It is therefore beneficial to only store 
the values of expressions which are both expensive to compute and 
used multiple times. A sufficient (but not necessary) condition to detect 
variables 𝑣 whose computed value is only used once is: (i) |𝑂(𝑣)| = 1; 
and (ii) the dependency between instances of 𝑚 ∈ 𝑂(𝑣) and 𝑣 is one-
to-one; and (iii) 𝑚 ∈ 𝑅𝑂(𝑎) ⟹ 𝑣 ∈ 𝑅𝑂(𝑎) for each 𝑎 ∈ . The first 
two conditions guarantee that only one instance of one model uses the 
value, and the last condition guarantees that whenever the value of any 
input variable of the model changes, the value of 𝑣 also changes.

Typically all models in the model library and all variables in the 
vocabulary are not required to simulate a given application. We can 
analyze the dataflow graph to determine a minimal set of models and 
variables. In the extreme case, if  = ∅, then the application produces 
no output, so we do not need to simulate or keep track of anything, 
regardless of what models are available in the model library. In general, 
we wish to find minimal a minimal data model ̂ ⊂  and set of 
models ̂ ⊂  such that we can produce the desired output . Clearly 
we must have at least  ⊂ ̂ . We also must include any models and 
variables that are needed for computing the variables we are interested 
in. That is, for all 𝑥 ∈ ̂ ∪ ̂ we need 𝐼(𝑥) ⊂ ̂ ∪ ̂. We must also 
include any variables required for the application’s actions. However, 
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since the results of actions are not observed directly, but only through 
the observation set , we do not need to perform every action  . 
Instead, it is sufficient to perform only those actions which affect the 
values of variables in ̂ , that is, the actions ̂ = {𝑎 ∈  ∶ 𝑂(𝑎)∩ ̂ ≠ ∅}. 
Therefore we require that 𝐼(𝑎) ⊂ ̂ for each 𝑎 ∈ ̂. Putting everything 
together, ̂ and ̂ can be found as the solution of the dataflow system 

 ⊂ ̂ ,

𝐼(𝑥) ⊂ ̂ ∪ ̂ ∀𝑥 ∈ ̂ ∪ ̂,

𝐼(𝑎) ⊂ ̂ ∀𝑎 ∈ ̂,

̂ = {𝑎 ∈  ∶ 𝑂(𝑎) ∩ ̂ ≠ ∅}.

(2)

System (2) is the core of the model linking scheme. It is what allows us 
to dynamically determine the data model ̂ , models ̂, and actions ̂
on a per-simulation basis without explicit configuration or logic. It also 
provides flexibility: augmenting system (2) with application-specific 
rules enables behavior that is generic over the available variables, as 
we will demonstrate in Section 4. System (2) is readily solved by an 
iterative fixpoint algorithm. That is, we start at ̂0 = , ̂0 = ∅ and 
keep adding variables, models, and actions according to the rules until 
the sets no longer change.

2.4. Illustrative example

We consider the growth models of Nyyssönen and Mielikäinen 
(1978): 
𝑑5 = (1 + 0.01 exp(5.4625 − 0.6675 log 𝑇 − 0.4758 log𝐵 + 0.1173 log𝐷

− 0.9442 log𝐻dom − 0.3631 log 𝑑 + 0.7762 logℎ))5𝑑 if 𝑠 = 1, (3a)
𝑑5 = (1 + 0.01 exp(6.9342 − 0.8808 log 𝑇 − 0.4982 log𝐵 + 0.4159 log𝐷

− 0.3865 log𝐻med − 0.6267 log 𝑑 + 0.1286 logℎ))5𝑑 otherwise, (3b)

and the height-diameter (H-D) models of Siipilehto (2000): 
ℎ = 1.3 + 𝑑2∕(0.894 + 0.185𝑑)2 if 𝑠 = 1, (4a)

ℎ = 1.3 + 𝑑3∕(1.811 + 0.308𝑑)3 if 𝑠 = 2, (4b)

ℎ = 1.3 + 𝑑2∕(0.898 + 0.242𝑑)2 if 𝑠 = 3, (4c)

where ℎ, 𝑑, 𝑑5, 𝑠, and 𝑡 are the height (m), diameter (cm), diameter 
after 5 years (cm), species (categorical 1–3), and age (years) of a tree 
respectively, and 𝑇 , 𝐵, 𝐷, 𝐻med, and 𝐻dom are the mean age (years), 
total basal area m2∕ha, mean diameter (cm), mean height (m), and 
dominant height (m) of the stand, respectively. The vocabulary is given 
by 
 = {tree,stand,global},

 = {ℎ, 𝑑, 𝑑5, 𝑠, 𝑡, 𝑇 , 𝐵,𝐷,𝐻med,𝐻dom} ∪ technical,

 with 𝑇 (∙) = tree for tree-level variables and 𝑇 (∙) = stand for stand-
level variables. Technical variables technical include table sizes and 
model conditions (‘‘𝑠 = 1, 2, 3’’), which we omit for readability. The 
model library contains the models (3a)–(3b) and (4a)–(4c), as well as 
formulas for the computed variables 𝑇 , 𝐵, 𝐻med, 𝐻dom. We denote the 
latter by 𝑓𝑣, where 𝑣 is the computed variable. Therefore, we have
 = {(3a), (3b), (4a), (4b), (4c), 𝑓𝑇 , 𝑓𝐵 , 𝑓𝐻med , 𝑓𝐻dom} ∪technical,

with 𝑇 (∙) = tree for (3a)–(3b), (4a)–(4c), and 𝑇 (𝑓∙) = stand. 
Technical models technical include models for technical variables, 
and are omitted for readability. From the dataflow graph (Fig.  1) we 
can identify nodes without incoming edges (𝑑, 𝑠, and 𝑡) as the data 
variables. Any other variable can be computed from these variables.

We now consider an application with one action: a 5-year growth 
step 𝑔5. The growth action replaces 𝑑 with 𝑑5 and 𝑡 with 𝑡 + 5, that is, 
𝑠′(𝑑5) = 𝑠(𝑑) and 𝑠′(𝑡) = 𝑠(𝑡) + 5 for a state 𝑠′ = 𝑔5(𝑠). The application 
observes one variable: the standing basal area 𝐵. Formally, we have 
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Fig. 1. A dataflow graph. Models are squared ( ⋅ ), variables are circled ( ⋅ ). Stand-level nodes have a single border ( ⋅ ), tree-level nodes have a double border 
( ⋅ ). Regular lines ( ) select the same instance, double lines ( ) select all instances.
 = {𝑔5} and  = {𝐵}. We determine the models and variables required 
to simulate the action by solving (2). We start from ̂0 = {𝐵}. To 
compute 𝐵, we also need 𝑓𝐵 and 𝑑. Action 𝑔5 modifies 𝑑, so we need its 
input, 𝑑5. For 𝑑5, we need the whole graph, so we have found a fixpoint. 
If the graph included other models, for example biomass or volume, 
they would not be needed for the simulation unless the application 
observed them. If the application observed only a variable not affected 
by growth, for example species, then simulation could skip executing 
𝑔5.

3. Software implementation

3.1. Architecture

The main components of the software (Fig.  2) are a dataflow engine, 
responsible for dealing with model libraries, and a simulation engine
that wraps the dataflow engine and other internal components behind 
a Lua scripting API. Applications must use the Lua API, and are tightly 
coupled to the framework, while model functions are independent of 
the framework, applications, and other model functions, and can be 
shared among multiple applications or reused and tested outside the 
framework. Model functions operate with numeric inputs and outputs, 
rather than framework-specific data structures. Model libraries are 
described to the dataflow engine using a domain-specific language 
(DSL), and can be implemented using any combination of programming 
languages supported by the dataflow engine (currently R, Lua, and 
any language that can produce a C ABI dynamic library, e.g. C/C++, 
Fortran, Rust). The framework is generic and can also be used in non-
forestry contexts: forestry simulators are simply created by using a 
model library containing forestry models and an application performing 
forestry actions.

The goal of creating a hard divide between the model library 
and the application is to maximize the relative amount of simple, 
reusable code compared to complex, framework-specific code. Ide-
ally, most code lives in model libraries and applications are kept as 
small as possible. Model functions rarely need to change, and existing, 
tested implementations can be reused because there is no language- 
or framework-specific interface. Model functions cannot mutate the 
simulation state, which eliminates the possibility of mutation-related 
programming errors (Martin, 2017), and benefits code comprehensibil-
ity (Dolado et al., 2003). Automatic generation of model chains and the 
data model leaves the (ideally small) applications as the only potential 
source of mutation-related bugs and complexity issues.

3.2. DSL

The following is a brief overview of the DSL syntax and semantics. 
A full syntax listing is provided in Appendix A.2. The DSL consists of 
a sequence of top-level definitions, of which the most important one is 
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the model definition. The model keyword takes a table name and a list 
of model equations inside curly brackets (if only one model equation 
is given, the brackets may be omitted). Some example model equations 
are shown in Listing 1. These models correspond to the H-D models 
(4a)–(4c) of Siipilehto (2000) and diameter increment models (3a)–(3b) 
of Nyyssönen and Mielikäinen (1978).
1 model tree { 1
2 h = 1.3 + d^2 / (0.894 + 0.185*d)^2

where s=1 2
3 h = 1.3 + d^3 / (1.811 + 0.308*d)^3

where s=2
4 h = 1.3 + d^2 / (0.898 + 0.242*d)^2

where s=3
5 d5 = (1 + 0.01*exp(5.4625 - 0.6675*

log(stand.T) - 0.4758*log(stand.G
) + 0.1173*log(stand.D) - 0.9442*
log(stand.Hdom) - 0.3631*log(d) +
0.7762*log(h)))^5*d where s=1 3

6 d5 = (1 + 0.01*exp(6.9342 - 0.8808*
log(stand.T) - 0.4982*log(stand.G
) + 0.4159*log(stand.D) -
0.3865*log(stand.Hmed) - 0.6267*
log(d) + 0.1286*log(h)))^5*d
where s!=1

7 }

Listing 1: Height and diameter increment models in the DSL.

The first line ( 1 ) specifies that the model equations inside curly 
brackets belong to the tree table, that is, they are tree-level models. 
Each line inside the curly brackets defines a model equation of the form 
(1). A model equation ( 2 ) contains the output variable(s) on the left 
hand side and a mathematical expression on the right hand side. The 
where keyword specifies the condition under which the model can be 
applied. If the model can always be applied, the where keyword can be 
omitted. Variables in the same table can be referenced by the variable 
name, while variables in other tables by the table name and the variable 
name separated by a full stop. For example, on line ( 3 ), the variables 
d, h and s are tree-level, while the other variables are stand-level.

Equations that are not simple formulas like those shown in Listing 
1 must be written in another programming language and referenced 
using the call keyword. For example, the variables Hdom and Hmed 
refer to the mean height of the 100 largest trees and the height of the 
basal area median tree. The DSL lacks support for (naturally) expressing 
these computations. Listing 2 shows how they would be included via 
the call keyword if they were implemented as R functions.

The call keyword takes a language name, a function reference, 
and the function arguments. The syntax of the function reference is 
language-specific: the R language requires a file name and a function 
name, while native languages such as C and Fortran can take a either 
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Fig. 2. An overview of the software architecture.
1 Hdom<-function(d,h) {
2 idx<-order(d)[1:min(

length(d),100)]
3 sum(d[idx]^2*h[idx])/

sum(d[idx]^2)
4 }

1 model site {
2 Hdom = call R[ " models.

R " : " Hdom " ]
3 (tree.d, tree.h)
4 }

Listing 2: Dominant height computation in R (left) and the 
corresponding DSL definition (right).

dynamic library file name and a symbol name, or a direct function 
pointer. The function arguments do not have to be variables: they can 
be any arbitrary expressions such as those shown in Listing 1. Out-
parameters are supported using the out keyword. The model function 
must not have side-effects, that is, it must produce a value that only 
depends on its arguments.

3.3. Dataflow engine

The dataflow engine is implemented in Rust as an independent li-
brary that can also be used outside the framework. It parses DSL model 
definitions, builds and optimizes the dataflow graph, and compiles 
model chains to machine code for efficient execution (Fig.  3).

The DSL was specifically designed to allow aggressive optimizations: 
it lacks explicit control flow and side-effects, so the compiler has 
considerable freedom to reorder and delete code. While the DSL lacks 
explicit type annotations, the compiler infers data types for variables 
and expressions in order to produce efficient machine code. A variant 
of Algorithm W (Damas and Milner, 1982) with limited support for 
operator overloading is used for type inference. After type inference, 
the compiler lowers the graph into its intermediate representation 
(IR). The IR is based on the sea-of-nodes representation (Click and 
Paleczny, 1995) (an opcode listing is given in Appendix A.3). The 
optimizer performs function inlining, dead code elimination, common 
subexpression elimination and other simplifications on the IR. The DSL 
intentionally lacks explicit data structures: this allows the compiler to 
determine the memory layout only after the optimizer has eliminated 
redundant variables and models. Finally, the compiler computes an 
execution order using a variant of the global code motion algorithm 
described in Click (1995). Since the DSL has no side-effects, the com-
piler has much more freedom in choosing a good execution order than 
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compilers for general-purpose programming languages. The Cranelift 
compiler backend (Bytecode Alliance, 2025) is used for machine code 
emission (including register allocation and instruction selection). We 
chose Cranelift over alternative backends (e.g. LLVM (Lattner and Adve, 
2004)) due to its focus on compilation speed and security, as well 
as small binary footprint, although our implementation allows the 
backend to be easily changed, if deemed necessary in the future.

3.4. Lua API

The Lua API provides two high-level building blocks for applica-
tions: transactions and savepoints.

The first building block, transaction, is used for defining actions 
and observations. A transaction consists of SQL-like SELECT, UPDATE, 
INSERT and DELETE commands. A SELECT command observes values 
of variables, while UPDATE, INSERT, and DELETE modify the simulation 
state analogously to their SQL counterparts. Transactions are declar-
ative: the application lists all actions a transaction may perform, but 
the simulator only executes those that affect the values of observed 
variables. Applications may augment the dataflow system (2) with addi-
tional rules to create generic transactions. For example, an application 
may define a rule such as ‘‘for all data variables 𝑥, if 𝑥5 is a computed 
variable, then this transaction includes an action that replaces the value 
of 𝑥 with 𝑥5’’. This would allow the application to work with any model 
library that defines 5-year updates for some variables, regardless of 
which variables are updated.

The second building block, savepoint, is used for simulating multi-
ple alternative branches from a certain simulation state. A savepoint is 
a sparse snapshot of the application’s current state. At any time during 
simulation, an application can create a savepoint, and later restore the 
simulator state back to how it was when the savepoint was created. 
Savepoint creation is cheap: no data is copied at savepoint creation. 
Copies are lazily created when application state is modified after a 
savepoint has been created. The framework also provides a higher-
level operator-based control API that applications can use instead of 
directly managing savepoints. Operators compose simple control flows 
into more complex ones. For example, the all operator combines 
control flows into a list of sequential actions, while the any operator 
branches on alternative control flows. Together these operators form a 
mini-language that can be used to describe many branching schemes. 
The composed control flow can then be passed to the framework for 
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Fig. 3. The compiler pipeline of the dataflow engine.
execution, which internally interprets the control flow instructions 
and handles the required savepoint manipulation. Applications can 
also mix-and-match operator-based control flow and direct savepoint 
manipulation as needed.

4. Case study

We demonstrate the flexibility and computational efficiency of our 
framework via a sample application and three model libraries.

4.1. Simulator application

The application generates all feasible treatment schedules for a 
forest stand under user-configurable rules, and reports user-defined 
output variables. Users describe the set of feasible treatment schedules 
using a list of actions and conditions. A concrete example configuration 
is provided in Appendix A.4. The following actions are implemented:

• Growth: For each tree-level data variable x, if the model library 
defines a model for a variable named grow’x, replace the old 
value of x with the value of grow’x. If the model library defines 
any stand-level variable ingrowth’y, where y is either a tree 
or stratum-level variable, then create new trees or strata whose 
data variables receive the values of ingrowth’y for each tree- or 
stratum-level data variable y.

• Thinning : Replace the tree-level stem count tree.f with the 
result of a thinning model from the model library.

• Clearcut : Remove all trees.
• Planting : If the size of the stratum table is a data variable (that 
is, the data model contains strata), insert new strata. Otherwise, 
insert new trees. The initial values of data variables are given 
by silvicultural guidelines. Users can override the data level and 
initial values.

Users may request any combination of thinning, clearcut, and plant-
ing actions, while growth is called automatically by the application. 
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Table 1
Primary model library (Model I).
 Model Reference  
 Growth (mature, mineral soils) Based on Hynynen et al. (2014).  
 Growth (mature, peatlands) Repola et al. (2018).  
 Mortality (mature) Hynynen et al. (2002)  
 Early development Based on Siipilehto et al. (2014).  
 Crown ratio, competition Hynynen et al. (2014).  
 Biomass Repola (2008) and Repola (2009). 
 Taper curves Laasasenaho (1982).  
 Thinning models Äijälä et al. (2014).  

The conditions for each action can be any arbitrary expressions that 
can be computed using available models. Users may also provide an 
early growth condition expression that controls the transition from 
stratum entities to tree entities. The application makes few assump-
tions about available variables, and only depends on the used models 
indirectly through naming conventions. The requested outputs can be 
any expressions that can be computed using available models.

4.2. Model libraries

The primary model library (Table  1) contains models for natural 
processes, silvicultural guidelines, and auxiliary variables. Models are 
implemented in Lua, except for the early development models which 
are implemented in R. The model library comprises a majority of the 
code (5961 lines), compared to the application which is relatively 
small (330 lines, 5.2% of total lines of code). The model library is 
connected to the framework through 557 lines of DSL definitions. We 
have excluded lines that only contain whitespace or comments.

For technical evaluation of the software, we also implemented 
two additional growth model libraries (Table  2). We will refer to the 
growth models of Table  1, Pukkala et al. (2021), and Nyyssönen and 
Mielikäinen (1978) as Model I, II, and III, respectively. Model I consists 
of a relatively complex tree-level model chain for natural processes of 
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Fig. 4. Standing volume (upper row) and cumulative harvest volume (lower row) in 𝑚3∕ha for each model library. Each dot corresponds to a reporting year, 
and each line corresponds to a treatment schedule.
Table 2
Secondary growth models for technical evaluation (Model II & III).
 Model Reference  
 Growth, mortality, and ingrowth Pukkala et al. (2021).  
 Growth Nyyssönen and Mielikäinen (1978). 

large trees, and a stratum-level model for early development. Model II 
is a growth model suitable also for uneven-aged forests, with tree-level 
diameter (but not height) growth, mortality, and ingrowth components. 
Model III has tree-level diameter and height growth without mortality 
or ingrowth. For Model II, we use the H-D model of Siipilehto (2000) 
to compute tree heights. Our Model II implementation is in Lua, and 
Model III in C.

4.3. Experiments

We perform a test simulation using each model library to verify that 
the framework is able to link it to the application. In each case, we swap 
the natural process models, but keep the auxiliary models (last four 
rows) from Table  1. For each model library, we record the data model 
and model chains determined by the model linking algorithm under 
different output requests and enabled treatments. We use measurement 
data from a stand located in Eastern Finland as input. However, we do 
not further analyze the model outputs, as our objective is to test the 
technical model linking algorithm, not evaluate the linked models or 
their compatibility. In general, we consider it the user’s responsibility to 
ensure that the models they choose to use are compatible and properly 
validated.

We evaluate the computational efficiency of our framework through 
two comparisons against hand-written model implementations. We 
measure the CPU time and number of retired floating point arithmetic 
instructions (FLOPs) per growth step on a dataset of 20 stands. The 
purpose of measuring FLOPs is to be able to meaningfully quantify 
the amount of work performed by implementations using different 
programming languages and implementation techniques. The number 
7 
of FLOPs represents the amount of computational work performed by 
each algorithm, while the CPU time includes all sources of overhead 
such as scripting language interpretation, cross-language function calls, 
and memory access patterns. All measurements are performed using the 
perf profiler on a Linux laptop with an Intel Core i5-1035G4 processor 
and 8 GB of RAM. We compare against implementations of models I 
and III. The former is a real-world production implementation written 
in Fortran and Pascal that has not been optimized for computational 
efficiency, while the latter is an ideal optimized C implementation 
created by us for this study. For model I, we turn off simulation of 
early growth and only use data with mature trees, because we do not 
implement the same version of the early growth model. We also turn 
off NFI calibration because it is not implemented in our version. For 
model III, the individual C model functions are shared, and the only 
difference between the two implementations is in the execution logic.

4.4. Results

The framework successfully links and runs the application with 
each model library, generating 34, 44, and 87 schedules with Models 
I, II, and III respectively (Fig.  4). Models with higher growth esti-
mates generated more schedules because higher growth leads to more 
opportunities for treatments.

The complexity of the solved data model and model chains varied 
depending on the model library, requested output variables, and en-
abled treatments (Fig.  5). Without any treatments or output variables, 
the only maintained data variables were the current simulation year 
and time step length. In this case, the only work performed during sim-
ulation is incrementing the year: all simulation of natural processes is 
skipped, because nothing depends on their results. When treatments are 
enabled, the simulator must perform work even if no output variables 
are requested, because the number of branches depends on feasible 
treatments, which depend on variables updated by natural processes. 
When output variables are requested, additional variables not required 
by natural process must be maintained. For example, tree breast height 
age is used for biomass models, but not for growth in Models II and III.
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Fig. 5. Solved data model size (upper row, number of variables) and model chain code size (lower row, bytes of machine code) for each model library under 
different output variables (columns) and enabled treatments (rows).
Fig. 6. CPU time (left) and FLOPs (right) per growth step for Model I. Average over 10,000 repeats of a sequence of 10 growth steps.
Our implementation of Model I was on average 27.8 times faster and 
required 7.9 times less FLOPs than the hand-written reference imple-
mentation (Fig.  6). The difference in FLOPs results from the elimination 
of redundant computations, while the CPU time also reflects low-
level optimizations (e.g. memory layout) performed by the dataflow 
compiler.

Model III in our framework was on average 15% slower than our 
optimized C implementation (Fig.  7). Both implementation executed 
the same number of FLOPs, excluding very small differences caused 
by the Lua interpreter’s use of floating point variables and a small 
number of redundant computations in the C version. The difference in 
CPU time reflects the overhead of the model chains generated by our 
dataflow compiler. Dividing the runtime difference by the number of 
model function calls per growth step, we get roughly 5 ns overhead per 
call, which translates to roughly 20 cycles at 3.7 GHz. The generated 
model chains perform additional bookkeeping about which values are 
currently computed, and dynamically load the model functions from a 
shared library at runtime, while the optimized C implementation was 
compiled together with the model functions, allowing the C compiler to 
inline the model functions. The Cranelift backend used by our dataflow 
compiler also performs less optimizations than the C compiler we used 
for the C code (GCC 15.1.1 with -O2).
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5. Discussion

Our framework shows that a dataflow-based approach to automated 
model linking can enable the implementation of computationally ef-
ficient simulators while reusing existing model code and requiring 
less hard-coded logic and data structures than hand-written imple-
mentations. As a hand-written codebase changes over its life cycle, it 
accumulates complexity and inefficiency unless carefully maintained 
and refactored (Martin, 2017). In contrast, a model library is only a 
listing of models: there is no execution logic to maintain. Our com-
parison with the existing implementation (Fig.  6) shows the effect of 
such accumulated complexity on computational efficiency. The hand-
written implementation used several times more FLOPs to compute 
the same results, because it computes values that are never used, 
and often the same values multiple times. While dynamic approaches 
often have considerable runtime overhead (e.g. Pereira et al., 2017), 
our comparison with the optimized implementation (Fig.  7) shows 
that JIT compilation of model chains can largely mitigate the impact. 
We hypothesize that the efficiency gap could further be reduced by 
switching to a more aggressively optimizing backend such as LLVM or 
libgccjit.

Augmenting the system of dataflow equations with application-
specific rules (e.g. ‘‘the growth of a variable x is given by grow’x’’) 



T. Lempinen et al. Environmental Modelling and Software 194 (2025) 106661 
Fig. 7. CPU time (left) and FLOPs (right) per growth step for Model III. Average over 1,000,000 repeats of a sequence of 10 growth steps.
allowed the same application to work with the three model libraries 
we tested while making few assumptions about the data model. The 
complexity of the solved data model and model chains varied depend-
ing on the used model library, requested output variables, and enabled 
treatments (Fig.  5). A hand-written implementation accommodating 
the same use cases would either have to perform redundant work 
(updating variables that are not used), or increase complexity (checking 
which variables will be used). For example, some model libraries 
(e.g. Model I & III) include sub-models for both diameter and height 
growth, requiring height to be maintained as a data variable, while 
some (e.g. Model II) use a diameter increment model and a height-
diameter model, allowing height to only be computed when required 
by an output variable. In general, it is also possible for a model library 
to include both types of models, making height simultaneously act 
as a data variable for some trees, and computed variable for some 
trees, which can be expressed in our framework by using an additional 
auxiliary computed variable (see details in Appendix A.1).

Many well-established frameworks, libraries, and platforms already 
exist for modeling and model linking (e.g. SIMO (Rasinmäki et al., 
2009), Capsis (Dufour-Kowalski et al., 2011), OMS (David et al., 2013), 
OpenMI (Harpham et al., 2019; Moore and Tindall, 2005), EMF (Stein-
berg et al., 2008), k.LAB (Villa et al., 2017), SIMILE (Muetzelfeldt and 
Massheder, 2003)). The main difference between our framework and 
previous works is that the data model, dataflow, and control flow of 
model chains are all implicitly determined by the augmented dataflow 
Eq. (2), which are solved on a per-simulation basis. This allows the 
dataflow compiler to perform optimizations that would not be possible 
with an ahead-of-time compilation approach, and decreases the amount 
and complexity of code that has to be maintained. To our knowledge, 
implementing a JIT compiler to reduce the dispatch overhead of model 
function calls in model chains is also a novel approach.

The simplicity of our approach leads to several drawbacks. The 
main limitation is that models must be factored into individual pure 
functions. Existing code may require extensive refactoring to extract 
individual, independent model functions (e.g. Salminen et al., 2005). 
While there is evidence that pure functions have maintainability ben-
efits (e.g. Dolado et al., 2003; Coblenz et al., 2016), they are also 
somewhat limiting in terms of expressiveness. Imperative constructs 
such as mutable state and loops require awkward workarounds. For 
example, consider an ingrowth function that keeps generating trees 
until some global condition becomes true, and each tree depends on 
the trees it has previously generated. Our DSL can neither express 
the loop or the internal state. The workaround is to place the loop 
in the application code, and the state in the model’s input and out-
put variables. This couples the application code to the model, and 
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increases the complexity of both the application and the model. The 
DSL only supports numeric types to guarantee interoperability across 
multiple programming languages, which can be limiting for complex 
models. While this can be to some extent worked around with wrapper 
functions, wrappers both increase the amount of code that has to be 
maintained, and cause additional computational overhead, negating the 
benefits of our framework. In addition, we have no mechanism for 
validating the compatibility of linked models, making our framework 
prone to user errors such as models using the same variable with 
incompatible units.

A potential direction for future work is assessing whether impera-
tive or stateful models could be naturally integrated in our dataflow 
framework. This could be approached by formalizing the workarounds 
currently required to implement them, similarly to the formalisms we 
presented in Section 2.2, and then integrating those formalisms into 
the dataflow analysis of Section 2.3. In addition, integrating seman-
tic information (e.g. Villa et al., 2009) such as units and limits of 
variables could make the framework less error-prone for users by de-
tecting incompatible models and providing semantic mediation e.g. via 
automatic unit conversions. Other potential future work involves ex-
ploiting the strengths of the dataflow paradigm. Dataflow introduces 
opportunities for parallelism, which was one of its original motivating 
factors (Johnston et al., 2004). Integrating automatic parallelization of 
model calls into the dataflow compiler could increase computational 
performance on large datasets, though such fine-grained parallelism 
also includes synchronization overhead, making it only beneficial when 
more coarse-grained parallelism (e.g. across stands) is not available. 
Dataflow is also well-suited for visualization, being the underlying 
paradigm for many visual programming environments. Building visu-
alization tools or visual editors for our framework might increase its 
usability and accessibility to non-programmers.

6. Conclusion

We have introduced a framework for building forest simulator 
software using a dataflow-based approach. Unlike the traditional im-
perative and object-oriented approaches, we do not require explicit 
programming of model chains, or specification of an explicit data 
model. Instead, both are obtained as a solution to a system of dataflow 
equations based on a model library and use-case-specific output vari-
ables and actions. This makes the system flexible to changes, and 
reduces the amount of redundant computations, leading to high com-
putational efficiency. The main limitation of our approach is that it 
requires models to be pure functions operating on numeric inputs and 
outputs, making it unsuitable for highly imperative models, or models 
operating on complex data structures.
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