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The protocol translation problem

NL-based protocol Structured protocol Completed protocol Linked protocol
split( split( add_constraint(flaskl.vol >= 30mL);
[] slot = mixture, slot = mixture, add_constraint(flask2.vol >= 30mL);
branch_num = branch_num =
container = [flaskl flask2] container = [flaskl flask2] split(
4. Split the mixture equally into 2 ) )3 prot o mixtures
separate round-bottom flasks for the -
next steps. T1, T2 = flaskl.temperature, Tl, T2 = flaskl.temperature, Tl, T2 = flaskl.temperature,
flask2.temperature; flask2.temperature; flask2.temperature;
while(check(T1l) == 85°C && check(T2) == 75°C) while(check(T1) == 85°C && check(T2) == 75°C) while(check(T1) == 85°C && check(T2) == 75°C)
5. Heat the first flask to 85°C and heat ( _ . heat( _ _ heat ( . _
. . . . slot = [mixturel, mixture2], slot = [mixturel, mixture2], slot = [mixturel, mixture2],
maintain this temperature while container = [flaskl, flask2], container = [flaskl, flask2], container = [flaskl, flask2],
.. temperature = [85°C, 75°C], temperature = [85°C, 75°C], temperature = [85°C, 75°C],
stirring for 1 hour. Check the heater = [“0il bath”, “oil bath”], heater = [“0il bath”, “oil bath”],
- duration = [1h, 1h], duration = [1h, 1h], duration = [1h, 1h],
temperature every 10 minutes. stirring = [True, False] stirring = [True, False] stirring = [True, False]
. . )3 )3 )3
Maintain the second flask at 75°C. e (e wait(10min); wait(10min);
cool( cool( cool(
. slot = [mixturel, mixture2], slot = [mixturel, mixture2], slot = [mixturel, mixture2],
6. AllOW the mixture to COOZ to room temperature = “Room Temperature” temperature = 25°C temperature = 25°C
temperature. ; ; ;
add( add ( add_constraint(flask3.vol >= 60mL);
slotl = [“ice water”, “ice water”], slotl = [“ice water”, “ice water”], add_constraint(flask4.vol >= 60mL);
7. Add 20 mL ofice water into the slot2 = [mixturel, mixture2], slot2 = [mixturel, mixture2],
volume = [20mL, 20mL], volume = [20mL, 20mL], add (
ﬂask' container = [flaskl, flask2] container = [flaskl, flask2] slotl = [“ice water”, “ice water”],
) )3 slot2 = [mixturel, mixture2],
volume = [20mL, 206mL],
[ ] container = [flask3, flask4]
Semantics Execution
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The protocol translation problem

NL-based protocol
[...]

4. Split the mixture equally into 2
separate round-bottom flasks for the
next steps.

5. Heat the first flask to 85°C and
maintain this temperature while
stirring for 1 hour. Check the
temperature every 10 minutes.
Maintain the second flask at 75°C.

6. Allow the mixture to cool to room
temperature.

7. Add 20 mL of ice water into the
flask.

[...]




The protocol translation problem

Linked protocol

add_constraint(flaskl.vol >= 30mL);
add_constraint(flask2.vol >= 30mL);

split(
slot = mixture,
branch_num = 2,
container = [flaskl, flask2]

bl

Tl, T2 = flaskl.temperature,
flask2.temperature;
while(check(T1) == 85°C && check(T2) == 75°C)
heat(
slot = [mixturel, mixture2],
container = [flaskl, flask2],
temperature = [85°C, 75°C],
heater = [“0il bath”, “oil bath”],
duration = [1h, 1h],
stirring = [True, False]

)3

wait(10min);
cool(
slot = [mixturel, mixture2],

temperature = 25°C

>

add_constraint(flask3.vol >= 60mL);
add_constraint(flask4.vol >= 60mL);

add(
slotl = [“ice water”, “ice water”],
slot2 = [mixturel, mixture2],
volume = [20mL, 20mL],
container = [flask3, flask4]




The protocol translation problem

NL-based protocol Structured protocol Completed protocol Linked protocol
split( split( add_constraint(flaskl.vol >= 30mL);
[] slot = mixture, slot = mixture, add_constraint(flask2.vol >= 30mL);
branch_num = branch_num =
container = [flaskl flask2] container = [flaskl flask2] split(
4. Split the mixture equally into 2 ) )3 prot o mixtures
separate round-bottom flasks for the -
next steps. T1, T2 = flaskl.temperature, Tl, T2 = flaskl.temperature, Tl, T2 = flaskl.temperature,
flask2.temperature; flask2.temperature; flask2.temperature;
while(check(T1l) == 85°C && check(T2) == 75°C) while(check(T1) == 85°C && check(T2) == 75°C) while(check(T1) == 85°C && check(T2) == 75°C)
5. Heat the first flask to 85°C and heat ( _ . heat( _ _ heat ( . _
. . . . slot = [mixturel, mixture2], slot = [mixturel, mixture2], slot = [mixturel, mixture2],
maintain this temperature while container = [flaskl, flask2], container = [flaskl, flask2], container = [flaskl, flask2],
.. temperature = [85°C, 75°C], temperature = [85°C, 75°C], temperature = [85°C, 75°C],
stirring for 1 hour. Check the heater = [“0il bath”, “oil bath”], heater = [“0il bath”, “oil bath”],
- duration = [1h, 1h], duration = [1h, 1h], duration = [1h, 1h],
temperature every 10 minutes. stirring = [True, False] stirring = [True, False] stirring = [True, False]
. . )3 )3 )3
Maintain the second flask at 75°C. e (e wait(10min); wait(10min);
cool( cool( cool(
. slot = [mixturel, mixture2], slot = [mixturel, mixture2], slot = [mixturel, mixture2],
6. AllOW the mixture to COOZ to room temperature = “Room Temperature” temperature = 25°C temperature = 25°C
temperature. ; ; ;
add( add ( add_constraint(flask3.vol >= 60mL);
slotl = [“ice water”, “ice water”], slotl = [“ice water”, “ice water”], add_constraint(flask4.vol >= 60mL);
7. Add 20 mL ofice water into the slot2 = [mixturel, mixture2], slot2 = [mixturel, mixture2],
volume = [20mL, 20mL], volume = [20mL, 20mL], add (
ﬂask' container = [flaskl, flask2] container = [flaskl, flask2] slotl = [“ice water”, “ice water”],
) )3 slot2 = [mixturel, mixture2],
volume = [20mL, 206mL],
[ ] container = [flask3, flask4]
Semantics Execution
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The protocol translation problem

NL-based protocol Structured protocol
[".] Splﬁg{ot = mixture,

branch_num = 2,
container = [flaskl, flask2]
4. Split the mixture equally into 2 )3

separate round-bottom flasks for the

izaxtsteps. T1, T2 = flaskl.temperature,
flask2.temperature;
while(check(T1l) == 85°C && check(T2) == 75°C)
5. Heat the first flask to 85°C and heat ( _ .

. . . . slot = [mixturel, mixture2],
maintain this temperature while container = [flaskl, flask2],
. temperature = [85°C, 75°C],

stirring for 1 hour. Check the
- duration = [1h, 1h],
temperature every 10 minutes. stirring = [True, False]
Maintain the second flask at 75°C. a,gj-t(l@m 3
coo'l(
. slot = [mixturel, mixture2],
6. Allow the mixture to cool to room Zemperature o “Room Temperaiure”
temperature. )3
add(
. . slotl = [“ice water”, “ice water”],
slo = [mixturel, mixture2],
7. Add 20 mL of ice water into the lot2 = [mixturel, mixture2]

volume = [20mL, 20mL],
jlask. container = [flaskl, flask2]

[...]




The protocol translation problem

Structured protocol Completed protocol
split( split(
slot = mixture, slot = mixture,
branch_num = 2, branch_num = 2,
container = [flaskl, flask2] container = [flaskl, flask2]
)3 )3
T1, T2 = flaskl.temperature, Tl, T2 = flaskl.temperature,
flask2.temperature; flask2.temperature;
while(check(T1l) == 85°C && check(T2) == 75°C) while(check(T1l) == 85°C && check(T2) == 75°C)
heat ( heat(
slot = [mixturel, mixture2], slot = [mixturel, mixture2],
container = [flaskl, flask2], container = [flaskl, flask2],
temperature = [85°C, 75°C], temperature = [85°C, 75°C],
heater = [“0il bath”, “oil bath”],
duration = [1h, 1h], duration = [1h, 1h],
stirring = [True, False] stirring = [True, False]
) 5
wait(10min); wait(10min);
coo'l( cool(
slot = [mixturel, mixture2], slot = [mixturel, mixture2],
temperature = “Room Temperature” temperature = 25°C
5 5
add ( add(
slotl = [“ice water”, “ice water”], slotl = [“ice water”, “ice water”],
slot2 = [mixturel, mixture2], slot2 = [mixturel, mixture2],
volume = [20mL, 20mL], volume = [20mL, 20mL],
container = [flaskl, flask2] container = [flaskl, flask2]
)3 )3
Semantics




The protocol translation problem

Completed protocol Linked protocol
split( add_constraint(flaskl.vol >= 30mL);
slot = mixture, add_constraint(flask2.vol >= 30mL);
branch_num = 2,
container = [flaskl, flask2] split(
) slot = mixture,
branch_num = 2,
container = [flaskl, flask2]
)3
Tl, T2 = flaskl.temperature, Tl, T2 = flaskl.temperature,
flask2.temperature; flask2.temperature;
while(check(T1l) == 85°C && check(T2) == 75°C) while(check(T1l) == 85°C && check(T2) == 75°C)
heat( heat(
slot = [mixturel, mixture2], slot = [mixturel, mixture2],
container = [flaskl, flask2], container = [flaskl, flask2],
temperature = [85°C, 75°C], temperature = [85°C, 75°C],
heater = [“0il bath”, “oil bath”], heater = [“0il bath”, “oil bath”],
duration = [1h, 1h], duration = [1h, 1h],
stirring = [True, False] stirring = [True, False]
3 3
wait(10min); wait(10min);
cool( cool(
slot = [mixturel, mixture2], slot = [mixturel, mixture2],
temperature = 25°C temperature = 25°C
5 5
add( add_constraint(flask3.vol >= 60mL);
slotl = [“ice water”, “ice water”], add_constraint(flask4.vol >= 60mL);
slot2 = [mixturel, mixture2],
volume = [20mL, 20mL], add (
container = [flaskl, flask2] slotl = [“ice water”, “ice water”],
)3 slot2 = [mixturel, mixture2],
volume = [20mL, 206mL],
container = [flask3, flask4]
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Translator building protocol dependence graphs

( static |

Syntax level

( Context-free |

" Structured protocol )

T : _Asplit |- DSL program hypothesis space Operation dependence graph
SPhE EhE rixture fquﬂih’ _miIl'LIIE'| _____.-.equall}rl._x + split I h mixturel I_ mixturel mixture+
into 2 separate fas, e T add |
fwegqually splits/ /wspecified splitwe/ precon: precon: precon:
Check the temperature check Elr::.-:hr:i:nﬁ:-l::.r i;i; : :ﬁif“::l’ : mixturel; mixturel; [ice water,
. 1 - H 5 L HE- ayLinmT}, . .
eVery 10 minutes. temperature Every - Joint sontainer: resource container: resource conditions: mixturel];
10 mins| Optimizatio ) « T: 85°C; conditions: conditions:
Allow the mixture to cool \\__4’ al;l_d ] « container: . T 325°C; . T:<25°C;
to room temperature. " add( add( flaskl; - contain + container:
| add f=enternal adds/ sinternal add+/ » duration: er: flasl1: flaskl;
. _lice water slotl: reagent, slotl: reagent, 10min:
Add 20 mlL UfI{_‘E‘ water —— wvolls int, slotZ: reagent, . . .
. 20 mL slot2: reagant. ... vol: Ant,... postcon: postcon: postcon:
into the flask. — " ) : ] mixturel; mixturel; mixture+;

Semantics level JEEE (_Context-free

_Completed protocol |

Pushdown Automaton for reagent flow

Reagents' lifecycles

.-I mixture+ —

Reagent flow graph

component: jee water '

| water;
cool | ; | ice water i i o T: 0°C; add
| : : : Vol: 20mL;
ice water | add ; .._@"_‘. : - cool - add — was
I | RS water - d = B : = mixture 1|—0m1xture ll—bmixture+ —
- - It K - 4
mixturel | cool _ .—| ot e 2 : .i component: component: component:
mixturel | split . = mixture |-. ; ; mixture; mixture; mixture+;
: : : ; : T: B5°C; T:25°C; T: »0°C, <25°C;

mixture | split split | heat/check |coot  |add | Vol: 20mL; Vol: 20mL; Vol: 40mL;
Execution level Dynamic_'i | Cuntext-aware_'- "_Linked protocaol
Protocol dependence graph at step t component Spatial-temporal dynamics of execution Protocol dependence graph at step t+1 component »

component component T component » | Additional spatial constraint compornent component T » | component
T T vol T > mixturel Vol(20mL) and T T Vol el T
. 1 . ice_waterVol(20mL) == -
. ol Vol M Vol *m f - add_constraint{add.conditions ; v_':']' ) "'II_':'I |K’e ‘?ater. 1"'"::1
__mi‘.l:‘t'lll'lt 1| |mix'ture 1 | mi‘.l'.'t'l.lrE+_ .containerVol = 60mL) mixture 1) |I'lll.7ﬂ'l.l!"£‘ 1 —‘—_—livﬂftj*._
heat : : - - heat ————+ cool add "es
Additional temporal constraint |
precon precon [ precon coal T = #5°C and precon precon precon >
conditions conditions » T<85°C conditions »= add.T < L= . conditions conditions conditions »| T<25°C
add_constraint{add.conditions

postcon postcon postcon = Jpace < ImL/min) postcon postcon postcon




( static |

Syntax level

( Context-free |

Structured proto col )

Translator building protocol dependence graphs

Split the mixture equaiﬂy_\‘

into 2 separate flasks.

to Foom femperaiure.

Add 20 mL of ice water
into the flask.

___.---'|5p1it }‘._

_mi:ﬂ:ure| _—1 equall}r]-.xh +

[2]

Check the temperature Al
every 10 minutes. temperature Every
10
Allow the mixture to cool
‘ Y]

DSL program hypothesis space

split
flask| split( split]
feegually splits) fwspecified splitwe/
slot: reagent, slot: reagent,
. yranch_num: int, wols: array(int},
- Joint -ontainer; resource container: resource
mins | Optimizatio )
AN add
add | [[2dd(
fexternal adds=/ *»internal add+/
slotl: reagent, slotl: reagent,
wvolls int, slotZ: reagent,
slet2: reagent,... walt dnt, ...

Operation dependence graph

mixturel mixturel mixture+
heat cool m ses

precon: precon:
mixturel; mixturel;
conditions:

« T:85°C; conditions:
+ container: « T:225°C;
flaskl; « contain
+ duration: er: flaslkl:

10min;
postcon: posteon:
mixturel; mixturel;

precon:
[ice water,
mixturel];
conditions:
« Th <257°C;
= container:
flaskl;

posteon:
mixture+;




Translator building protocol dependence graphs

Semantics level Static Context-free Completed protocol

Pushdown Automaton for reagent flow Reagents' lifecycles - Reagent flow graph component: jee Wthl’
‘ : @ mixturet+ — water;
cool | ice water . o T: 0°C; add
- : ] Viol: 20mL;
ice water | add : '-_' mixturel "_‘ cool *
| | ice water || add mixture 1———+mixture 1|—0mmure+ — »
. ‘ ___‘ .
mixturel | cool mlx[urel component: component: component:
mixturel | split Y = .. : : _n.n:xturle, mixture; mixture+;
. ' - : I: B5°C; T:25°C; T: =0°C, <25"C;
mixture | split split | heat/check |coot  |add | Vol: 20mL; Vol: 20mL; Vol: 40mL;




Translator building protocol dependence graphs

Execution lavel Dynamic_ | Context-aware | _Lil'lkE'd prDtDEﬂI |

Protocol dependence graph at step t component Spatial-temporal dynamics of execution Protocol dependence graph at step t+1 component »
component component T component » | Additional spatial constraint compornent component T »| component
T T Vol T - mixturel Vol(20mL) and T T Vol e T
. s 1 . ice_waterVol(20mL) == - -
Vol Vol L Vol *ml » |;dd_constraint(add.conditions - 1"'::'1 - ""_':'1 |l':“3 LR 1"'"::1
mixture 1| 'mixture 1 | mixture+ .containerVol > 60mL) \mixture 1/ | mixture 1 W
Additional temporal constraint
precon precon 2 precon coal T = #5°C and precon precon Precon »
conditions conditions » T<85°C conditions »= add.T < L= . conditions conditions conditions »| T<25°C
add_constraint{add.conditions
postcon postcon postcon = Jpace < ImL/min) postcon postcon postcon




Quantitative results
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Quantitative results
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Quantitative results
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Quantitative results
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Qualitative results

A

NL-based pmtu¢g| _ EDTA 20min, H,0 30 Lald, TES
30 min, 95 °C Room Temperature Room Temperature Repeat=2
Driginai.’ Text: EHpErt slides slides slides slides slides
P incubate cool wash incubate wash
1. Incubate slides in EDTA at -
95°C for 50 min for antigen .
. component: component: component: component: component:
unmaskmg, EDTA EDTA water EDTAS3%: H., 0, EDTA
2. Cool slides for 20 min at _ slides slides | slides
room temperature. incubate cool - incubate wash
‘ . Precon: precon: precon: precon: Precon:
3. Wash in HZD‘ Ours slides; slides; slides; slides; slides;
. s wndmons mndmnns conditions: conditions: conditions:
4, Incubate slides in 3% H,0, T2 55 °C; T 75 °C; .+ T:25°C; - T:25°C; C T 50
. s contajner: heating bath; | |+ contaner: staining dish;) |+ container: staining dish;| |+ container: staining dish;| |+ container: staining dish;
fﬂr 5 min at roorm + duration: 50 min; + duration: 20 min; + duration: 5 min; + repeat: 2 times;
PDGI:OD!'I'. mn: Fﬂ!’ﬂ.‘ﬂﬂl’l: Fﬂ‘itﬂﬂl'l Pﬂ.‘l-tﬂﬂl'l:
tempemju re. slides; slides; slides; slides; slides;
5. Wdﬁh I-"l-'lr"ffl‘;" in TBS. Zimin
50 mim, 95 °C Room Temperature H,0 3% H, 0, TES
Best-Baseline slides slides slides slides slides
incubate cool wash incubate wash
Syntax C Semantics
Original Text: Original Text:

Transfer the remaining cell lysate (480 pL) to a scintillation vial .

Groudtruth: Ours:
action: transfer, action: transfer
putput: 3H-Penciclavir output: 3H-Penciclaovir

reagent: cell lysate
volume: 488 ul
container: scintillation vial

reagent: cell lysate
volume: 488 pl
container: scintillation vial

DSL-LLM-5%:

action: transfer

container: scintillation wial
output: radiolabeled cells
volume: 5 mL

ConDeac-5Y:

action: transfer
concentration: scintillation
container: scintillation wvial
output:
reagent:
volume: 5

Cytoscint fluid
mL

1. Stain the slides with DAPI nurzfﬂc actd stain (]
2. Wash three times with PBS -beal

T
.1‘\.

- -__-dpplymg genr!e shaking.

time

[lhrt.—:-' t |r|—'-.]:|I

Groudtruth: Ours:
stain( stain{
reagent = [slides, DAPI nucledic acid stainl);| reagent = [slides, DAPI nucleic acid stain]
wash{ time = [30 seconds]);
reagent = [PBS] wash (
time = [three times]) reagent = [PBS]
time = [three times]
container = [slide-beakers])
NL-LLM-5E: ML-LLM-3E:
stain{ staini
reagent = [slides]); reagent = [DAPI nucleic acid stain]);
time = [5 min] time = [1 min]
wash( wash(
reagent = [PBS] reagent = [PBES]
container = [.. time = [three times])
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We study the problem of translating protocols aimed to guide humans
to those suitable for machine execution.
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Takeaways

We study the problem of translating protocols aimed to guide humans
to those suitable for machine execution.

We propose a framework that incrementally constructs Protocol
Dependence Graphs on syntax, semantics, and execution levels.

Our translator has the potential to democratize scientific discovery.




Thank you!
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