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Abstract 

Programmable microfluidic laboratories-on-a-chip (LoCs) offer 

automation and miniaturization to the life sciences. This paper 

updates the BioCoder language and introduces a fully static 

(offline) compiler which can target Digital Microfluidic Biochips 

(DMFBs), one type of programmable LoC. The language and 

runtime leverage sensor integration to execute bio-assays which 

feature online decision-making based on sensory data. The 

compiler employs a hybrid intermediate representation (IR) that 

interleaves fluidic operations with computation on sensor data. 

The IR extends traditional notions of liveness and interference to 

fluidic variables and operations to target the DMFB, which has 

abundant spatial parallelism. The code generator converts the IR 

into: (1) electrode activation sequences for each basic block in 

the control flow graph; (2) a set of computations performed on 

sensor data, which dynamically resolve control flow operations; 

and (3) electrode activation sequences for control flow transfers. 

The compiler is validated using a simulator which produces 

animated videos of bioassay execution.  
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1 Introduction 

Microfluidics is the science of controlled liquid transport at 

the microliter scale (and below). One application of microfluidics 

is fully integrated laboratories-on-a-chip (LoCs), which 

miniaturize laboratory functions previously carried out in wet 

laboratories, and reduce the volume of costly biological samples 

and reagents consumed during a chemical reaction; other 

benefits include automation and reduced human error, as fluidic 

actuation is often controlled by a computer interface, as opposed 

to direct human manipulation within a larger laboratory setting.  

Software-programmable LoCs (SP-LoCs), encompassing a 

wide variety of technologies, have existed for more than 10 years 

[1-8]. The earliest generation of SP-LoCs accepted commands 

from a computer controller, but provided no direct feedback; 

these SP-LoCs could execute assays (biochemical reactions) that 

were arbitrarily complex in terms of the number of biochemical 

steps that were performed, but otherwise lacked control flow 

(i.e., dynamic decision-making).  

SP-LoCs can provide online feedback to the computer 

controller through integrated sensors [9-23] and/or online video 

monitoring [24-29]; we refer to these SP-LoCs as being “cyber-

physical” because the online sensing creates a closed feedback 

loop. Thus far, cyber-physical capabilities have primarily been 

used for monitoring (e.g., precise positioning) [12, 15, 18, 23, 25-

29], and online error detection, and recovery [29-39]. 

Cyber-physical integration enables SPLoC programmability. 

Without sensory feedback, a host PC controlling an SP-LoC can 

issue commands, but cannot interpret their outcomes. With 

sensory feedback capabilities, the host PC obtains the ability to 

process sensory data in real-time and make decisions about 

which commands to execute next. For all intents and purposes, 

this is the difference between programming model with and 

without control flow. In terms of compiler design, the former 

permits specification of assays limited to one basic block: it may 

be possible to extract parallelism among fluidic operations, but 

once a schedule has been computed, the executed sequence of 

fluidic operations is fully deterministic and is known statically. 

In contrast, the dynamic decision-making facilitated by cyber-

physical integration is naturally encapsulated as a control flow 

graph (CFG). This paper describes how to statically compile a 

bioassay specified as a CFG, where fluidic operations and 

computations on sensory data are interleaved. 
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computes the start/finish times for each operation [50, 57-62]; 

the placer determines the location on the DMFB at which each 

scheduled operation will execute [63-66]; the router computes 

paths for each droplet when transported between operations [67-

76], and introduces wash droplets to clean residue left behind 

[77-79]. Techniques have also been proposed to solve several of 

these problems in conjunction with one another [80-85]. 

Let 𝑣5 ∈ 𝑉6 be an assay operation, with start and finish 

times 𝑠 𝑣5  and 𝑡 𝑣5  respectively. The scheduler computes 

𝑠 𝑣5  and 𝑡 𝑣5 , under the assumption that droplet routing times 

are negligible [58, 67], using a conservative approximation of the 

available spatial resources on the DMFB, while adhering to 

fluidic dependence constraints, i.e., for edge 𝑣5 , 𝑣= ∈ 𝐸6, the 

schedule must ensure that 𝑡 𝑣5 ≤ 𝑠 𝑣= . If 𝑡 𝑣5 = 𝑠 𝑣= , then 

the droplet produced by 𝑣5 is used immediately; otherwise, it 

must be stored for all time steps between 𝑡 𝑣5  and 𝑠 𝑣= . Our 

scheduler explicitly inserts storage operations into the DAG, 

ensuring that 𝑡 𝑣5 = 𝑠 𝑣= , for each DAG edge 𝑣5 , 𝑣= ∈ 𝐸6, 

The placer determines an on-chip location 𝑞 𝑣5  for each 

assay operation 𝑣5; one unit of unused grid space is required 

between concurrently placed operations, to prevent inadvertent 

mixing of fluids.  Reconfigurable operations (e.g., mix, store) can 

be placed anywhere. Non-reconfigurable operations (sensing, 

heating, I/O) must be placed on regions of the chip that feature 

sensing and/or actuation devices capable of executing them.  

The router inserts fluid transport operations, which are 

encoded into the electrode activation sequence ∆L= Σ6 . 

Consider DAG edge 𝑣5 , 𝑣= ∈ 𝐸6: If 𝑞 𝑣5 ≠ 𝑞 𝑣= , the router 

computes a path from 𝑞 𝑣5  to 𝑞 𝑣= ; otherwise no path is 

needed. Droplets are routed concurrently and wash operations 

may be interleaved with routing.  

6 Compiling a CFG 

Now, we consider the more general case of compiling an 

assay that is specified as a CFG, rather than a single basic block. 

A BioCoder programmer declares fluids as variables, which are 

then defined and used, no different in principle than digital 

variables in traditional software programming. Fluidic variable 

lifetimes can span multiple basic blocks. A compiler can build 

data structures and representations for fluidic variables, such as 

Def-Use trees and SSA Form [86-88] with no modifications being 

made to the canonical construction algorithms.  

Fig. 10 shows a BioCoder specification of an assay that 

executes the polymerase chain reaction (PCR), which amplifies 

DNA, using a weight sensor to detect evaporation of the droplet 

(not the DNA); when the droplet volume falls beneath a 

threshold during the thermocycling procedure, a new droplet is 

brought in to replenish the volume [89]. Fig. 11 shows the assay 

converted to Static Single Information (SSI) Form [90-92]. 

  

6.1 Liveness Analysis for Fluids 
Liveness analysis for fluidic variables is no different in 

principle than liveness analysis as performed by a traditional 

compiler [93]. We define 𝐿𝑖𝑣𝑒𝐼𝑛 𝑏5  and 𝐿𝑖𝑣𝑒𝑂𝑢𝑡 𝑏5  to be the 

live-in and live-out sets computed for basic block 𝑏5 . We assume 

that a post-processing pass marks all uses that kill each variable.  

6.2 Basic Block Scheduling 
Next, we compute a schedule for each basic block. This is 

essentially the same as the scheduling described in Section 5, 

with the exception that the scheduler must account for liveness 

information involving fluidic variables: 

If fluidic variable 𝑓= ∈ 𝐿𝑖𝑣𝑒𝐼𝑛 𝑏5 , then the scheduler treats 

the basic block entry point as a pseudo-definition. The scheduler 

inserts storage operations for 𝑓= until it is used by an operation. 

Subsequent operations that may use 𝑓= are scheduled normally.  

If 𝑓= ∈ 𝐿𝑖𝑣𝑒𝑂𝑢𝑡 𝑏5 , then the scheduler treats the basic 

block exit point as a pseudo-use. It inserts storage operations for 

𝑓= following the last scheduled definition or use of 𝑓= to the end 

of the schedule for 𝑏5 . 

The scheduler does not insert storage operations following 

any use that kills 𝑓= . 

It is simple to add these rules/constraints to existing single 

basic block/DAG schedulers for DMFBs [50, 57-62]. 

  

6.3 Placement 

6.3.1 Placement for a Single Program Point 

We first consider the placement problem for a program 

point 𝑝 in basic block 𝑏. Let 𝑉_ = 𝑣 ∈ 𝑉6 𝑝 ∈ 𝐿 𝑣  be the set of 

operations live at 𝑝. Each operation in 𝑣5 ∈ 𝑉_ uses a rectangular 

𝑚5×𝑛5 subset of electrodes on the DMFB. The dimensions of an 

operation that holds a droplet in-place (e.g., storage, sensing, 

heating, etc.) depend on the droplet volume. The dimensions of 

mixing operations can vary in size (e.g., 2×2, 2×3, etc.), based 

on the observation that mixers with greater dimensions often 

converge faster when sensing and/or imaging is used to detect 

mixing completion [94]
1
. Split operations are typically 1×3.  

A unit-size droplet is slightly larger than one electrode; as 

shown in Fig. 2, this is necessary to induce droplet transport. As 

noted earlier, placed operations must maintain a separation of at 

least one electrode-width (grid cell) between them to prevent 

inadvertent merging [63]. Let 𝑀 and 𝑁 be the length and width 

of the DMFB. A placement solution assigns a position 𝑞 𝑣5 =

𝑥5 , 𝑦5  to each operation 𝑣5 ∈ 𝑉_, representing the upper-left-

hand corner of its position; when placed, 𝑣5 consumes a subset of 

cells 

 

𝐶5 = 𝑥5 …𝑥5 +𝑚5 − 1 × 𝑦5 …𝑦5 + 𝑛5 − 1 . (1) 

 

A legal placement solution satisfies the following constraints: 

 

𝑥5 ≥ 1, 𝑥5 +𝑚5 − 1 ≤ 𝑀, ∀𝑣5 ∈ 𝑉j  (2) 

𝑦5 ≥ 1, 𝑦5 + 𝑛5 − 1 ≤ 𝑁, ∀𝑣5 ∈ 𝑉j  (3) 

𝑥= > 𝑥5 +𝑚5 ∨ 𝑥5 > 𝑥= +𝑚= ∨   (4) 

𝑦= > 𝑦5 + 𝑛5 ∨ 𝑦5 > 𝑦= + 𝑛= 		∀𝑣5 , 𝑣= ∈ 𝑉j, 𝑖 ≠ 𝑗  

                                                                    
1
 Prior work on DMFB scheduling has accounted for mixers with varying mixing 

times [61, 81-84]; on the other hand, these approaches have not been reconciled 

with assay specifications in which mixing operations are timed (e.g., “Mix for 2s”). 

These specifications are typically non-device specific, and it remains an open 

question as to when it is acceptable to change the assumptions (e.g., 2s mixing for a 

2×3 mixer, 3s mixing for a 2×2 mixer, etc.; it is beyond the scope of this work to 

attempt to reconcile these issues here.   
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𝑥5 > 𝑥= +𝑚= ∨ 𝑥= > 𝑥5 +𝑚5 ∨   (5) 

𝑦5 > 𝑦= + 𝑛= ∨ 𝑦= > 𝑦5 + 𝑛5 		∀ 𝑣5 , 𝑣= ∈ 𝐸nop  

 

One approach to the algorithmic construction of a placer would 
be to modify a Chaitin-Briggs style register allocator [96, 97] that 
eschews spilling and coalescing. When a register allocator would 
select a “color” for each vertex, a placer could instead call a 
heuristic to place the corresponding operation.     

6.3.4 Placement for a CFG with Live Range Splitting 

Our approach to placement for a CFG sidesteps the 
construction of an interference graph, instead relying on live-
range splitting. The basic premise, borrowed from Elementary 
Form [98], is to split the live ranges of all variables that are live-

in to each basic block using 𝜑-functions, and to split the live 
ranges of all variables that are live-out from each basic block 

using 𝜋-functions, before basic block scheduling (Subsection 6.2). 
Using this representation, a legal CFG placement can be obtained 
by placing each basic block independently (Subsection 6.3.2).  

  

6.4 Droplet Routing 
Droplet routing is the final algorithmic step that must be 

performed prior to producing a DMFB executable. Recall that a 

DMFB executable has the form Δ*IJK = ΔL , ΔMIJK , where ∆L is 

the set of activation sequences for each basic block, and ΔM is the 
set of activation sequences for each control flow edge.  

6.4.1 Droplet Routing for Basic Blocks 

Given a scheduled and placed basic block 𝑏5 , a legal droplet 
routing solution can be achieved using established algorithms 
[67-76] (with or without washing [77-79]); the electrode 

activation sequence Σ67  is computed deterministically. Routing 

all basic blocks yields ∆L= Σ67 1 ≤ 𝑖 ≤ 𝐵 .  

6.4.2 CFG Placement without Live Range Splitting 

ΔM will be empty if CFG placement is performed without 
live range splitting, e.g., as described in Subsection 6.3.3. This is 
because each operation will be placed at the same spatial 
location on the DMFB at all program points in the CFG. Thus, 
there is no need to transport any droplets in response to a 
transfer of control. The case where live range splitting is 
permitted is discussed next. 

6.4.3 Droplet Routing for CFG Edges 

Consider a CFG edge 𝑏5 , 𝑏= . Assume that there exists a 

fluid 𝑓  such that 𝑓 ∈ 𝐿𝑖𝑣𝑒𝑂𝑢𝑡 𝑏5  and 𝑓 ∈ 𝐿𝑖𝑣𝑒𝐼𝑛 𝑏= . After 

inserting 𝜑- and 𝜋-functions and scheduling 𝑏5 and 𝑏= , assume 

that 𝑓 has been renamed to 𝑓E at the end of 𝑏5 and is stored in 

operation 𝑣E, and that 𝑓 has been renamed to 𝑓w at the beginning 

of 𝑏= and is stored in operation 𝑣w . After placement, if 𝑞 𝑣E =

𝑞 𝑣w , there is nothing to do, as 𝑣E/𝑣w are already in the correct 

positions. On the other hand, if 𝑞 𝑣E ≠ 𝑞 𝑣w , then a droplet 
routing procedure must be invoked to transport the droplet from 

𝑞 𝑣E   to 𝑞 𝑣w ; multiple droplets may need to be transported 
concurrently. The corresponding electrode activation sequence 
Σ 67,6O

 is computed deterministically. Processing all CFG edges 

yields ΔM = Σ 67,6O
𝑏5 , 𝑏= ∈ 𝐸()* . 

Fig. 13 shows a few examples, taken from a fragment of the 
CFG shown in Fig. 11. Fig. 13(a) shows the CFG fragment. Fig. 

13(b) illustrates CFG edge 𝑏r, 𝑏x , which includes a copy 
operation 𝑓rr ← 𝑓ry via the 𝜋-function at the end of 𝑏r. At the 

end of 𝑏r, 𝑓ry is placed on an (optical) detector to perform a 

sensing operation. Since 𝑓 ∈ 𝐿𝑖𝑣𝑒𝐼𝑛 𝑏= , the scheduler inserts a 

storage operation for 𝑓rr; since storage is reconfigurable, this 
operation could be placed anywhere. We assume that the placer 
chose to place the storage operation on the sensor, eliminating 
the need for droplet transport. In this case, it suffices to rename 

𝑓ry to 𝑓rr in-place Σ 6z,6{
= 𝜙 .At the beginning of  𝑏x, a new 

droplet, 𝑓r} is dispensed; 𝑓r} is merged with 𝑓rr , producing a 

new droplet 𝑓r~  which is heated. Fig. 13(b) depicts the 
subsequent droplet transport operations after renaming. 

Fig. 13(c) illustrates CFG edge 𝑏r, 𝑏} . A 𝜋-function at the 

end of 𝑏r includes a copy operation 𝑓rx ← 𝑓ry; the 𝜑-function at 

the start of 𝑏} performs a subsequent copy 𝑓r� ← 𝑓rx; it suffices 

to implement a single copy operation 𝑓r� ← 𝑓ry. At the end of 𝑏r, 

𝑓ry is placed on a detector, while the first use of 𝑓r� in 𝑏} is a 
heating operation, which necessitates placement on a heater. The 
droplet router computes a path to transport the droplet from the 

sensor to the heater; the resulting activation sequence is Σ 6z,6�
.  

Fig. 13(d) illustrates CFG edge 𝑏x, 𝑏} , which includes a 

copy operation 𝑓r� ← 𝑓r�  via the 𝜑-function at the start of 𝑏}. 

The last use of 𝑓r� in 𝑏x is a mixing operation, while the first use 

of 𝑓r�  in 𝑏}  is a heating operation. In this case, the mixing 
operation is not placed by the heater, so the droplet router is 
once again called to compute a path, and the resulting activation 

sequence is Σ 6{,6�
. 

6.4.4 Critical Edge Splitting (or not) 

In a traditional software compiler, CFG edges do not 
contain instructions, by definition. If an instruction needs to be 
placed on a CFG edge, then the edge must be split, with a basic 
block inserted, as is the case in the transformation out of SSA 
Form [93-97]. In contrast, our DMFB executable definition allows 
the association of electrode activation sequences with CFG 
edges. This is permissible because the DMFB operates under 
computer control, in essence, necessitating a runtime interpreter. 
Since an activation sequence and its association with a basic 
block or CFG edge is part of a data structure that the interpreter 
will process, including control flow transfers, it is non-
problematic to associate electrode activation sequences with 
control flow edges, despite the fact that this is not possible in a 
more traditional setting. 

As a potential optimization, consider a CFG edge 𝑏5 , 𝑏= , 

critical edge splitting can be avoided if 𝑏= is the sole successor of 

𝑏5 , and/or 𝑏5 is the sole predecessor of 𝑏= . In either case, it may 

be beneficial to move the droplet transport operations associated 
with Σ 67,6O

 into Σ67  or Σ6O  as appropriate: these transport 

operations could be carried out concurrently with other droplets 
being routed. To get the best solution, it may be necessary to 

recompute the routing solutions for 𝑏5  and 𝑏=  to include the 

additional droplets. Doing so has the potential to reduce droplet 
transport latency, although we do not explore this option here.  

 

6.5 Discussion 
The preceding subsections intentionally described the stages of 

the compiler in a manner that was not tied to any specific 

algorithms for scheduling, placement, or routing. This decision 

was made because numerous papers have been published already 

that describe algorithms that could be integrated into our 

compiler with minimal modification. The objective of this work 

is to outline the software architecture of the compiler, not to 

determine which optimization algorithms yield the best results.  
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For each benchmark, we simulated a 15×19 DMFB with 
four integrated sensors, two integrated heaters, and fourteen I/O 
reservoirs placed on the perimeter of the chip (five on the left 
side, five on top, four on the right side). These resources are 
sufficient to execute all of the benchmark assays, described next. 
We assume a 10ms cycle time [70], the time required to transport 
a droplet from one electrode to its neighbor. We assume that 
droplets can move horizontally/vertically, but not diagonally.  
 

7.3 Benchmarks and Results 
Benchmarking microfluidic technologies is challenging 

because public repositories of readily usable, relevant, and 
executable benchmarks simply do not exist. Researchers in the 
life sciences typically summarize assays in the Materials and 
Methods sections of peer-reviewed literature, but often do so at a 
coarse granularity, under the assumption that experts 
understand and can infer the details, which are learned through 
training and apprenticeship, further complicating matters.  

We performed a thorough literature survey on the design 
and use of digital microfluidics in the life sciences. In addition to 
the hierarchical opiate detection immunoassay [51-53] shown in 
Fig. 5, we obtained two feedback-driven assays that were shown 
by others to be compatible with cyber-physical DMFB 
technology. The first is a probabilistic implementation of the 
polymerase chain reaction (PCR) which terminates early when it 
senses that a droplet has insufficient initial product to amplify 
[99]; the second, which was shown in Figs. 10 and 11, is a PCR 
implementation that performs droplet replenishment to 
periodically replace fluid volumes lost due to evaporation [89]. 
We also report results for three assays which do not feature 
online feedback: image probe synthesis, neurotransmitter 
sensing, and (vanilla) PCR [3]. The simulator produced animated 
videos of the simulated execution of the seven bioassays. Source 
code of the assays and animated videos are online as ACM 
Digital Library supplementary material.  

Table 1 summarizes these assays along with the execution 
times reported by the simulator. Execution times for a given 
assay will vary, depending on sensor readings (in real-life), 
which we simulate with random number generation. For 
example, we see almost a 4x difference in runtime for the 
hierarchical opiate detection immunoassay, depending on 
whether or not the result is positive or negative; similarly, we 
observe a faster runtime when probabilistic PCR terminates 
early, failing to amplify DNA. We report only one data point for 
PCR with droplet replenishment; in practice, the runtime 
depends on environmental conditions that affect the evaporation 
rate: faster evaporation increases the replenishment rate, which 
adds overhead to the assay. The execution times of the three 
assays that do not feature control flow are presented as-is. 

PCR, Probabilistic PCR, and PCR w/droplet replenishment 
assays come from three distinct sources. The setup and runtimes 
reported here are based on data from the papers that introduced 
them. PCR and Probabalistic PCR take ~11 minutes to execute, 
while PCR w/droplet replenishment takes around 40 minutes. 
These differences are due to variations in experiment design: the 
number of thermocycles and the time spent at each temperature. 

These results validate the correctness of the compiler and 
simulator. Our objective was never to evaluate the performance 
of the various optimization algorithms that are presently built 
into the compiler. We also do not have any evidence that these 
assays were particularly challenging to compile, or that they 
stressed the optimization algorithms; they were chosen because 
they have been validated in wet laboratory settings by others.  

Table 1. Benchmark assays and simulated execution times. 
(P/N: positive/negative Opiate detection outcome) 

(F/EE: full/early-exit Probabilistic PCR outcome) 

Benchmark Source Simulated  
Exec. Time 

Opiate detection 
immunoassay 
 
Probabilistic PCR 
 
PCR w/droplet replenishment 

[51-53] 
 
[99] 
 
[89] 

P   405m 30s 
N  101m 48s 
F   11m 19s 
EE  7m 21s 
40m 44s  

Image probe synthesis 
Neurotransmitter sensing 
PCR 

[3] 
[3] 
[3] 

8m 45s 
05m 59s 
11m 43s 

 
Providing a programming language and compiler for DMFB 

technology will lower barriers to entry for practitioners, and will 
ease the process of designing and validating assays of 
increasingly complexity, which one day may present a greater 
challenge to the compiler and its optimization algorithms. 

8 Related Work 

Many of the languages that have been developed for 
programmable biochemistry address the $28 billion 
reproducibility crisis in the life sciences [100]. A widely accepted 
standardized language with unambiguous syntax could evolve 
into a de facto standard for dissemination of laboratory 
procedures. We are hopeful that (1) domain specific 
programming languages, including but not limited to BioCoder, 
will improve accessibility to LoC technology among 
practitioners and lower barriers to entry; and as a side effect, (2) 
standardize dissemination of LoC-compatible assays, which 
aligns with the objectives of BioCoder’s original development 
team [55]. For now, there is a wide, arguably insurmountable, 
chasm between the public sharing of source code in the domain 
of computing, and standard practices in the biological sciences. 

BioCoder is another entry into a much larger domain, 
although its unique emphasis on DMFB execution distinguish it 
from prior efforts. Dissemination of laboratory procedures can 
complement peer-reviewed scientific manuscripts; however, this 
approach will not make sense if it becomes an extra writing 
burden on already-overworked scientists. The advantage of a 
language like BioCoder is that the unambiguous specification 
also automates the execution of the laboratory procedure. 

 
8.1 Languages for Laboratory Automation 

Aquarium [101] is a language for the specification and 
composition of laboratory workflows using a standard inventory, 
combining formal and informal statements with photographs. 
The researcher devises protocols, which are combined to form 
processes, which are parallelized and scheduled on the available 
laboratory equipment. BioCoder could integrate with Aquarium. 
Aquarium’s inventory would need to be expanded to include a 
programmable LoC such as a DMFB, and BioCoder assays could 
be included as Aquarium processes. Aquarium could then 
schedule assays on the DMFB in the lab and instruct the 
technicians which assay to perform on each device. 

Cloud-based laboratory automation allows scientists to 
remotely execute biological experiments in a robot-run 
laboratory over the Internet. The experiments are described 
using DSLs that are tailored to the laboratory.  
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