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Abstract. In this paper we briefly report on work in the Popular Paral-
lel Programming (P3) project where we follow in the footsteps of Bern-
hard Steffen using the idea of program analysis via model checking and
abstract interpretation. The programs we analyze are spreadsheet pro-
grams, which for long have been identified as an ideal programming
model for parallel execution. We translate spreadsheet programs into
Timed Automata Models, which may be analyzed by the Uppaal model
checker and its derivatives, with the purpose of finding schedules for
parallel execution. In this paper we mainly focus on the techniques and
scalability issues of various variants of Uppaal, but also report briefly
on the performance results achieved through the parallelization.

1 Introduction

Mani Chandy noted as early as in 1985 in his keynote at the fourth annual
ACM symposium on Principles of distributed computing (PODC ’85) entitled
Concurrent programming for the masses that a programming model based on
spreadsheets would reach a much wider audience and should be much easier to
parallelize than the traditional programming model(s) [7]. However, in the three
decades that have passed since this keynote only sporadic efforts have been made
in this area [21, 2, 11, 4].

To realize the idea of parallel programming via spreadsheets, it is necessary
to adapt and further develop program analysis techniques to the spreadsheet
programming model to identify the parts of a program that can be executed in
parallel and subsequently find schedules for their execution.

The idea of program analysis via model checking was pioneered by Bernhard
Steffen and presented in his 1991 paper entitled Data Flow Analysis As Model
Checking [20] and further elaborated with David Schmidt in the paper entitled
Program Analysis as Model Checking of Abstract Interpretations[18].

The Popular Parallel Programming (P3) project1 set out to follow in the
footsteps of Bernhard Steffen by using the idea of program analysis via model
checking and abstract interpretation to investigate various approaches to paral-
lelizing the execution of spreadsheet programs based on the open source spread-
sheets Corecalc and Funcalc2 implemented in C# and thoroughly described in

1 https://www.itu.dk/~sestoft/p3/
2 http://www.itu.dk/people/sestoft/funcalc/



Fig. 1: Example spreadsheet

[19]. The P3 project views spreadsheets as a dataflow language with the purpose
of improving compilation of dataflow languages to shared-memory multicore ma-
chines, partly by drawing on recent advances in static execution time estimates
based on abstract interpretation [6] and scheduling techniques based on timed
automata [10, 12, 3, 5, 16, 1].

2 Spreadsheets and dataflow

To see how spreadsheets can be viewed as dataflow programs we first look at
an example. Figure 1 shows a small spreadsheet with 8 active cells, A2, A3,
A4, B1, B5, C2, C3 and C4. Only the formulae are shown, whereas in a normal
spreadsheet application the results of the computations would be shown.

B1 is a data cell, where the remaining cells are formulae directly or indirectly
depending on B1. In a small spreadsheet like this, it is easy to see that the
calculation of the value of the formula in cell B4 depends on the value of the
formulae in cell A4 and C4. The formula in cell C4 depends on cell C3, which
in turn depends on cell C2, depending on cell B1. Similarly cell A4 depends on
cell B1 and A3, which depends on A2, which depends on B1. This dependency
relationship is depicted by the orange arrows in Figure 1. Thus to calculate the
results presented in Figure 1 a dataflow in the reverse order of the dependency
relationship is needed, i.e. data from cell B1 flows into the formulae in cell A2
and C2. A2 flows into A3. C2 flows into C3 and A4. C3 flows into C4 and finally
A4 and C4 flow into B5.

Based on the dependency relationship one can construct a schedule for ex-
ecuting the formulae in parallel on a dual-core machine such that the needed
dataflow between cells is upheld. One schedule could be on CPU 1 calculate cell
B1. Then in parallel calculate cell A2 on CPU1 and cell C2 on CPU2. Then in
parallel A3 on CPU 1 and B3 on CPU 2, followed by cell A4 on CPU 1 and B4
on CPU2 in parallel. Finally cell B5 can be computed on CPU 1. This schedule
would require 5 time units, assuming that the calculation of each cell takes 1
unit. A sequential calculation would require 8 time units.



Fig. 2: Example spreadsheet with TA for cell C3

The example in Figure 1 is small enough that the dependency relationship
and dataflow can be inspected or even constructed manually. However, the rela-
tionship quickly becomes difficult to keep track of manually.

3 Generating Timed Automata models from spreadsheets

In this section we show various translations from spreadsheet into Timed Au-
tomata (TA) which in turn may be analyzed with various variants of the Up-
paal model checker. Timed Automata and extensions such as Priced Timed
Automata, together with model checkers, especially the Uppaal model checker,
have for more than a decade been used to solve scheduling problems by a refor-
mulation as reachability problems [10, 12, 3, 5, 16, 1].

We regard each cell as a task which is translated into a separate process in
Uppaal. Similarly, we generate a process for each computation unit, i.e. CPU,
and the scheduling algorithm. These processes are then composed in parallel
into a single model. Processes synchronize using channels, and have access to a
number of functions, which allows for expressing more complex functionality in
a small C-like language.

Figure 2 shows an example spreadsheet with a Uppaal TA task model for cell
C3. The general idea is to translate each cell in a spreadsheet into such models
which are then combined into one TA with dependencies between tasks. The task
model consists of three locations: Waiting, Executing, Finished, which represent
the three states of a task. These three states are linked through two edges: The
first edge, from Waiting to Executing contains a guard, synchronization, and an
update.

The guard enabled(id) is a call to the function enabled(job t id), this
must evaluate to true for enabling the transition to the Executing state. This edge
is synchronizing on channel exec[id]?, a receiving synchronization indicated by
?. The id of the process is used as index into the channel array exec[job t].
Last, the update executing[id]=true atomically updates the executing flag for
the current task, indicating that it is currently executing. The second edge from



the Executing state to the Finished state is enabled when the channel exec[id]
is signaled. Taking this transition sets the done flag for this process and unsets
the running flag.

Fig. 3: CPU template

Figure 3 shows the model of a CPU which consists of two locations, Idle
and Executing, representing the two states of a CPU in our model. CPU is a
template parameterized with id of type cid t, an integer subtype which ranges
from zero to the number of CPUs. Additionally, the CPU template has two
locally defined state variables: clock c, a clock variable for recording execution
time spent in location Executing, and job t selectedtask, representing the
task this CPU is currently executing. In the Executing location, the invariant
c<=cost[selectedtask] limits the time spent in this location to the execution
cost of the selected task.

In Uppaal the system declarations for the resulting model then consist of:

1 Sheet1_A2 = Task (1 ) ;
2 Sheet1_A3 = Task (2 ) ;
3 Sheet1_A4 = Task (3 ) ;
4 Sheet1_B1 = Task (4 ) ;
5 Sheet1_B5 = Task (5 ) ;
6 Sheet1_C2 = Task (6 ) ;
7 Sheet1_C3 = Task (7 ) ;
8 Sheet1_C4 = Task (8 ) ;
9 Cpus ( const cid_t c ) = CPU ( c ) ;

10
11 system Cpus , Sheet1_A2 , Sheet1_A3 , Sheet1_A4 , Sheet1_B1 , Sheet1_B5 ,

Sheet1_C2 , Sheet1_C3 , Sheet1_C4 ;

Line 9 creates process instances of the CPU template for each value in cid t,
named Cpus. Lines 1-8 create instances for each task, with a name representing
the cell in the spreadsheet. Each instance is created separately in order to give
identifiable names for each task in the resulting trace. The fastest trace will be
the optimal schedule. Here fast refers to lowest global clock value, not the length



Fig. 4: Stratego Model. Left) Environment indicating if there are pending jobs.
Right) CPU-Model where controllable choices are among available jobs.

of the trace, the latter being shortest trace in Uppaal. The number of clocks
in this model is the number of CPUs plus one, for recording the global clock.
Unfortunately this approach does not scale beyond toy-like spreadsheets like the
one depicted in Figure 2. This is not surprising as e.g. [13] reports on various
task graph scheduling examples with up to 16 tasks. Larger examples quickly
run into the state-space explosion problem.

However, often we do not need the optimal schedule, but a good enough
schedule is sufficient. Such schedules may be explored by Uppaal-stratego [8]
which can be used to model 11/2-player games where the opponent is stochas-
tic. Given a game Uppaal-stratego can synthesize near-optimal strategies
for complex systems. It has successfully been used for controlling floor heating
systems [14] and controlling traffic lights [9].

In a nutshell Uppaal-stratego synthesizes near-optimal strategies by: star-
ing with a uniform distribution over the controllable choices, generating runs,
evaluating how good are these runs, refining the distribution on the controllable
choices via learning algorithms, and iterating.

Figure 4 illustrates the Uppaal-stratego model for 1-CPU. It is a game
between the scheduler and the environment which includes the jobs to execute.
The solid arrows are the scheduler choices whereas the dashed arrows correspond
to the environment choices. Note that the solid arrow has a select statement
jobID:job t which is equivalent to the enumeration of all tasks with one solid
arrow for each task. The intuition from the model is as follows. First at location
idle a delay is chosen from the exponential distribution with rate EXP RATE, if
there are no jobs left location done is reached, otherwise if a CPU and a job are
available a job has to be taken. A job is taken by executing one of the solid arrows
induced by jobID:job t leading to location busy, the CPU stays at this location for
the duration of the job. When the job duration has elapsed the environment sets
the status of the job to 0 indicating that the job is done, and returns to the initial
location. Table 1 shows the results of using Uppaal-stratego from Figure 4
in different spreadsheets. In the generated models, all cell computing costs are
random values using same initial seed. These costs will in future implementations



be replaced by cost inferred based on abstract interpretations of the execution
time for cell formula [6].

Model CPUs Cost Greedy Time Sec. Speedup %

Supportgraph

31 cells,

119 dependencies

2 7.047 6.959 42 -1.20
4 4.884 4.981 45 1.95
8 4.611 4.611 62 0.00
16 4.611 4.611 59 0.00

Example

115 cells,

65 dependencies

2 24.890 25.411 1.627 2.05
4 12.581 13.375 1.373 5.94
8 6.484 6.993 2.202 7.28
16 3.450 4.035 199 14.50

Formulacopies

73 cells,

255 dependencies

2 16.051 16.087 253 0,09
4 8.522 8.181 10 -4,17
8 4.650 4.307 216 -7,96
16 3.900 3.982 683 2,06

Table 1: Results for Uppaal-stratego

4 The dependency scheduler

The dependency scheduler is a generic task scheduler for the .Net platform,
originally developed by Nichlas Korgaard Møller as part of his MSc [17]. The
dependency scheduler takes as input a set of tasks and a description of their
dependencies. The scheduler will then execute these task in such a way that
if a task depends on other tasks, it will only execute when these tasks have
completed, e.g. if we have three tasks A, B and C, where task A and task B
do not have any dependencies and task C is dependent on task B, then the
scheduler will execute task A and task B concurrently, and when task B finishes,
task C will start. The dependency relationship is described via a dependency
graph which may come from a task dependency analysis produced by (various
versions of) Uppaal.

The dependency scheduler uses the thread pool from Microsoft .NET library,
which is used to keep track of the threads, managed by .NET. All threads are
created from system start up, so no additional time has to be spend on creating
new threads during execution.

The dependency scheduler will first start all tasks without dependencies.
Tasks will signal when they finish and as soon as tasks dependent on finished
tasks are ready for execution, they will be released. Thus a kind of wave of tasks
goes through the set of tasks until all tasks have been executed. For spreadsheets,
this wave will follow the dataflow based on the schedule of tasks calculated by
Uppaal.

The dependency scheduler has now been fully integrated into the Funcalc
platform and can take as input cell formulae wrapped as .Net tasks together
with a schedule produced by Uppaal. For efficiency reasons null and constant
data cells will not be included in the dependency scheduler.



Fig. 5: Benchmarks – Building Design

We have carried out a small performance study based on two spreadsheets,
the Building Design benchmark and the Ground Water daily benchmark, from
the LibreOffice Benchmarks [15] developed in connection with a study of paral-
lelisation of the LibreOffice spreadsheet on AMD GPUs [4]. These spreadsheets
have about one million data cells and about 50.000 formula cells. However, they
differ slightly in the complexity of the formulae and the dependencies between
cells.

Figure 5 shows the average execution time of ten runs of the Building Design
benchmark using the original sequential version of Funcalc, the version of Fun-
calc with the dependency scheduler and an execution with the LibreOffice GPU
accelerated version. Lower is better. As can be seen LibreOffice is the fastest
executing at 84.86ms, then Parallel Spreadsheet with 2668.8ms and then Sin-
glethread with 13463.4ms. So we obtain approximately a five-fold speedup on a
6 core machine. The benchmark was executed on an I7-5930k 6 core machine
with a 3.5 GHz clock and 32 GB DDR4 RAM; the program was executed in
32bit mode limiting memory usage.

Figure 6 shows the average execution time of ten runs of the Ground Wa-
ter daily benchmark. Again Lower is better. On this benchmark the Parallel
Spreadsheet is the fastest at 7142.7ms, then LibreOffice with 15959.97ms, then
Singlethread with 38327.9ms. In this benchmark we see at 5.3 time speedup over
the sequential version.

5 Conclusions

The Popular Parallel Programming (P3) project has been inspired by Bernhard
Steffen to use the idea of program analysis via model checking and abstract inter-
pretation. We translated spreadsheet programs into Timed Automata Models,
which were analyzed by the Uppaal model checker and its derivatives, with the
purpose of finding schedules for parallel execution. Execution time for each for-
mula in the spreadsheet is estimated using abstract interpretation. We mainly
focused on the techniques and scalability issues of various variants of Uppaal,



Fig. 6: Benchmark – Ground Water daily

but also reported briefly on the performance results achieved through the par-
allelization analysis. On some benchmarks the parallel version of Corecalc and
Funcalc gain over a five-fold speed up on a six core machine.

References
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