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Abstract

Traditional recipes are the static products of an empiri-
cal, off-line procedure, and contain implicit environmental
assumptions, asthey are devised based on the exact ingre-
dients and household devices that were available in the
environment where they were created. When the param-
eters of the environment in which a dish is being cooked
do not match those of the one in which the corresponding
recipe was prepared, frustration isimminent.

We present our work on dynamic service compaosition
to facilitate adaptive coordination of smart home environ-
ments, and focus on su-chef, an application of these tech-
niques in the cooking domain. We present initial evalu-
ation results demonstrating that our implementation pro-
vides a practical and scalable solution.

1 Introduction

Inaccuracy and often failure of the cooking process can
happen when parameters of the environment in which the
dish is cooked do not match those of the environment
where the recipe was prepared, or when unanticipated
changes occur — e.g. failure of a device. Augmenting
recipes with conditional statements — such as case struc-
tures introduces complexity to recipe preparation and exe-
cution, does not accommodate for unanticipated environ-
mental parameters — e.g. when new household devices go-
ing into the market, and does not support the adaptation of
recipes when ingredients or devices become unavailable.
We propose goal-driven recipes or greplets, which, un-
like recipes, do not contain instructions, but information
about the state each of the ingredients has to be brought
at in all intermediate stages for the cooking process to
succeed. We use Al planning to dynamically compose

recipes based on the goals given in greplets and contex-
tual information, and to re-build recipes if environmental
information, such as availability of ingredients or status of
devices, changes. While we choose to focus on an appli-
cation of the our methodology on cooking, this does not
limit the applicability of the system in other domains.

In this work, we assume a secure smart home environ-
ment — free of malicious devices — able to find and control
devices, and discover ingredients and utensils and their
condition. We examine an example usage scenario in Sec-
tion 2, analyse our framework in Section 3, and present
our implementation in Section 4. In Section 5 we discuss
our initial evaluation results. In Section 6 we position our
work in the relevant research context, and in Section 7 we
conclude and outline future work.

2 Usagescenario

Gertrude’s kitchen is equipped with sensors that detect,
for instance, the availability of ingredients and the condi-
tion of devices and dishes that are being cooked. We as-
sume that the household devices can receive instructions
either directly from a computer, or through a device proxy,
as discussed in Section 6.

Discoveringwhat isavailable. Gertrude buys the ingre-
dients required to make lasagne and places them on the
kitchen counter. Her smart kitchen automatically recog-
nises the ingredients, their quantities, and their character-
istics — e.g. minced meat is tagged with information about
its thermal conductivity. Household devices also advertise
their availability, capabilities, and characteristics.

Buildingarecipe. Gertrude asks for a lighter version of
“that pasta and minced meat dish she had a few days ago”,



1. Place onions in chopper
2. Place mushrooms in slicer
3. Place mozzarella in grater
4. Put one tablespoon of oil in frying pan
5. Place frying pan on hot plate
6. Chopper: Chop onions in 50x50x50mm cubes
7. Slicer: Slice mushrooms in 60mm slices
8. Grater: Grate mozzarella at 0.5mm thickness
9. Hot plate: Turn on at maximum temperature
10. Hot plate: Wait for 2 minutes 45 seconds
11. Add onions in pan
12. Hot plate: Wait for 3 minutes 30 seconds
13. Add minced beef in pan
14. Hot plate: Wait for 5 minutes
15. Add tomatoes, mushrooms, herbs and spices in pan
16. Hot plate: Wait for 1 minute 30 seconds
17. Repeat 4 times:
Lay lasagne sheet in baking tray
Place 1/4 of pan contents in baking tray
18. Lay lasagne sheet in baking tray
19. Top with mozzarella
20. Oven: Turn on at 200 degrees
21. Oven: Wait for 8 minutes
22. Place baking tray in oven
23. Oven: Wait for 47 minutes
24. Take baking tray out of oven

Figure 1. Example recipe produced by su-
chef, in human-readable form.

as she is on diet. su-chef finds the sequence of goals to be
reached for the cooking process to succeed — the greplet
for lasagne — by searching in the list of recently prepared
dishes. Noticing that mozzarella is required but not avail-
able, su-chef decides to use provolone cheese, which is
similar to mozzarella and available. Taking into account
Gertrude’s preference for a lighter meal, su-chef also de-
cides not to top the dish with the usual white, creamy
sauce. According to the available devices and ingredients,
and the greplet, su-chef produces the recipe in Figure 1.

Using the recipe. Ingredients cannot be automatically
moved around and transported to devices, as the kitchen
is not equipped with conveyor belts and robot arms — in
Figure 1, the actions that Gertrude needs to take are shown
in italics. su-chef minimises Gertrude’s inconvenience by
grouping user actions together if possible. Gertrude is ini-
tially asked to place ingredients in the right devices; after
that she can rest, and will be automatically alerted when
further user actions need to be taken — e.g. adding more
ingredients. Even if no automation mechanisms are avail-
able for transporting ingredients between devices, cook-
ing is significantly simplified; all Gertrude needs to do is
follow trivial instructions — which ingredient to place in
which device.
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Figure 2. The su-chef architecture.

Dealing with the unexpected. su-chef is at step 12 of
the recipe, sauteing the onions that Gertrude has just
added, when Zacharias, Gertrude’s dog, enters the kitchen
and eats the minced beef that was on the kitchen counter.

When su-chef realises that a necessary ingredient is
no longer available, it tries to adapt and build a different
recipe. Knowing that there is minced chicken and minced
lamb in Gertrude’s fridge, it looks up for dishes similar to
beef lasagne that can be cooked with the available ingre-
dients, and figures out that lasagne can be made using ei-
ther chicken or lamb. Since Gertrude prefers low-calorie
dishes, su-chef decides to go for chicken, and produces
a new recipe where step 13 of Figure 1 is replaced with
“Add minced chicken in pan” and step 14 with “Hot plate:
Wait for 4 minutes” — chicken cooks slightly quicker than
the previously available beef.

3 System architecture

The operation of su-chef can be separated in five steps, as
shown in Figure 2.

Get environment description. The environment de-
scription contains information about ingredients, utensils,
and devices present. Availability of an item describes
whether it is present and operational, as well as its phys-



ical characteristics — the minced beef’s weight and ther-
mal conductivity — or or capabilities — such as the oven’s
temperature-time curve. An item’s state is not part of its
static characteristics, and can not be on the tag it carries —
e.g. the current oven temperature and whether the onion
is sauteed. User preferencesare used in selecting the dish
to be cooked as well as in customising the recipe.

The environment description builder constructs a struc-
tured environment representation in the common su-chef
language — operation 1 in Figure 2 — by collecting rep-
resentations of available items — potentially expressed in
different languages, their state, and the user specifications.

The monitor requests the current environment descrip-
tion periodically; being aware of the greplet and recipe
that are being used, it checks whether the availability and
state of items allows for the actions specified in the recipe
to be performed. When “unexpected” changes occur the
monitor may trigger recipe recomposition.

Get greplet. The monitor submits the environment de-
scription to the greplet manager — operation 2 in Figure 2.
The manager acquires an existing greplet from a source
(e.g. local greplet cache, a remote greplet database, or a
content distribution network), and then customises it ac-
cording to user preferences. If so configured, the manager
can also contact intelligent external services that are able
to develop entirely new greplets.

Produce recipe. The monitor passes the environment
description and the greplet to the recipe builder, which
composes the recipe to be used dynamically, based on the
goals defined in the greplet and according to item avail-
ability and initial state — operation 3 in Figure 2.

Executerecipe. The monitor feeds the recipe to the exe-
cution coordinator, which ensures that recipe instructions
are carried out in the right order and timing — operation 4
in Figure 2. Instructions of the recipe that are to be exe-
cuted manually by the user — e.g. “place onion in chop-
per” if no robot arm is available — are passed on to the
user manager component, which alerts the user and re-
turns feedback to the coordinator when the user indicates
that actions are finished. The rest are executed by direct
communication with devices, coordinated by the device

manager, which maintains any device-specific knowledge
and hardware required.

Update state. The monitor periodically requests a de-
scription of the current environment, and evaluates
changes in it. “Expected” changes — for instance, “oven
temperature is at 200 degrees” — do not affect the recipe
itself, as the sequence of instructions remains the same.
They are passed on to the execution coordinator as state
updates — operation 5 in Figure 2 as feedback comple-
mentary to the timings of instructions that are devised at
recipe composition time.

4 Implementation

In this section, we analyse the internals of the components
described in the previous section. We have implemented
a software module to feed a list of available devices, in-
gredients, and characteristics to su-chef and generate un-
expected changes, and we are confident that integration of
our work in a real intelligent environment testbed would
be reasonably straightforward.

Environment Description Builder The environment is
represented in STRIPS [7], where each state of the world
is a first-order logic atom. An example description is
shown in below, where we define an onion, which can
be either whole or chopped. Furthermore, each device,
such as an oven, is described in terms of their charac-
teristics and current state. For example, the atom (de-
vice_temperature oven_l 0) is used to define the
oven’s temperature, which is initially set to 0 degrees.
(vegetable onion) (whole onion)

(quantity onion piece 3)

(device oven) (oven oven_ 1)

E

device_temperature oven_ 1 0) (can_bake oven)
available oven 1) (operational oven_ 1)

Possible actions in the environment description are
state transition functions, expressed as STRIPS operators,
as shown below.

(def-strips-operator (chop ?i ?u)
(pre (vegetable ?i) (width ?x)
(height ?y) (length ?z)
(whole ?i) (can_chop ?u) (raw ?i))
(add (chopped ?1i ?x ?y ?z))
(del (whole ?21i)))



Each defines a precondition list, an add list reflecting the
new state of an item after the operation has been per-
formed on it — for instance, “onion is now chopped”, and
a delete list representing the state that it is no longer in
— ““onion is no longer in one piece” (whole).

Greplet manager Below is a greplet, also represented
in STRIPS, for the first stage of lasagne cooking — prepa-
ration of ingredients. In that example, the (grated
mozzarella grate_thickness) atom describes that
cheese should be grated to a specified thickness.

(define (preparation_step)

(chopped onion cube width cube height cube length)

(sliced mushroom slice_ thickness)

(grated mozzarella grate_ thickness)

(whole tomato))
To obtain a greplet, the greplet manager first looks up
in the local greplet cache to reduce unnecessary remote
lookups. If that does not succeed, su-chef contacts a re-
mote greplet database, which stores a larger number of
greplets but is more costly to look up in —in terms of time,
as it is remote, and money, as it may charge for queries.

Monitor The monitor observes the cooking process,
evaluates changes in the environment, and reasons about
the necessity of adapting the recipe or notifying the execu-
tion coordinator about state updates. When adaptation of
therecipeis required — for instance, when an ingredient is
no longer available — re-planning is triggered to compose
a new recipe that can be executed in the current environ-
ment. This requires a search for a new, suitable greplet,
which is then passed on to the recipe builder. When adap-
tation of the execution is required — for example, when
the state of an ingredient changes to indicate that a step
is complete, such as “oven warmed up” — the monitor de-
ploys state updates to the execution coordinator.

To achieve this, we use monitoring procedures [9]
defining the actions and events to be monitored, the
methods that can be used for monitoring each action or
event, and common recovery procedures. At present
all ingredients and devices carry their assigned category
(e.g. chicken mince — minced meat — meat),al-
lowing us to substitute unavailable ingredients or devices.
We plan to investigate using a more comprehensive do-
main ontology to facilitate smarter substitution.

RecipeBuilder Dynamic composition of the recipe can
be mapped to the planning problem — finding a finite se-
quence of actions that will transform a given initial state
(i.e. available ingredients) to a state that satisfies a given
goal (i.e. wanted dish). The core part of the recipe builder
is an embedded planner, which takes the domain definition
and initial state — in our terms, environment description —
and goal — a greplet — as input to produce a recipe.
su-chef requires modelling a number of sophisticated
features in composition, such as: concurrently execut-
ing actions with varying action durations (e.g. chop-
ping onions, slicing mushrooms, and heating up hot plate
simultaneously), iteration (e.g. put lasagne sheen then
cover it with sauce — repeat three times), and resource
constraints (e.g. optimise the recipe based on preparation
time or even energy consumed by the devices. Our proto-
type employs TLPlan [6], a forward-chaining search plan-
ning system, as it meets our functionality requirements.
(chop chopper onion)
(slice food_processor mushroom slice_thickness)
(grate grater provolone grate thickness)
The code above shows the plan generated for the prepa-
ration step. Despite the fact that the greplet originally
required mozzarella, and that Gertrude ran out of it, su-
chef still successfully devises a recipe — and suggests use
of provolone instead. We have implemented support for
weak goals to facilitate lookup of similar ingredients dur-
ing the planning process, meaning that planning will not
fail bur rather ingredient substitution will occur.

Execution Coordinator  Our prototype execution coor-
dinator component uses the Business Process Execution
Language For Web Services (BPEL4WS)! to describe the
steps to be taken as interactions with the user and device
managers and orchestrate their execution.

The cooking instructions produced by the recipe
builder are translated automatically from STRIPS to
BPEL4WS. The coordinator distinguishes the instructions
to be carried out by the user and the devices, and accord-
ingly assigns those to either the corresponding Manager.
The resulting BPEL4WS plan is then executed on the IBM
BPEL for Web Services Java’™ Run Time (BPWS4J)?2.

1http://www—106.ibm.com/developerworks/
webservices/library/ws-bpel/
thtp://www.alphaworks.ibm.com/tech/bpws4j
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Figure 3. Timeline of su-chef’s operation

User and Device Managers The user manager requests
attention when a task is to be executed by the user by play-
ing an audio file. It displays the task on the screen on a
web-based interface. We anticipate to extend this by intro-
ducing a context-aware notification dispatcher to address
the issue of personal mobility.

su-chef employs Web Service technology to repre-
sent kitchen devices, by describing operations accessible
through standard XML messaging. The device manager
receives requests from the main BPEL4WS execution de-
scription and accordingly launches and coordinates the
services representing the requested devices.

5 Evaluation

The experiments were performed on an 800 MHz P3 with
2 GB RAM. We modelled a kitchen environment that con-
tained 400 axioms — ingredients, devices, etc. We ran
TLPlan in breadth first search mode with no search control
knowledge.

Cooking timeline The time that each step required for
the first two stages of lasagne cooking — preparation and
sauce cooking — is shown in Figure 3. The step numbers in
this figure correspond to the steps as described in Figure 1.

The system interleaves planning — i.e. recipe compo-
sition — and execution; it composes sub-recipes for each
stage in the greplet separately and as late as possible —
for example, the sauce stage is composed just before step
9, as shown in Figure 3. This has two main advantages;
first, the start-up latency is minimised — in this case, less
than half a second. Second, it ensures that sub-recipes are
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Figure 4. Recipe composition time as envi-
ronment size increases (log scale)

devised based on a picture of the environment that is as
up-to-date as possible, thus reducing the probability that
recomposition to adapt to changes will be required.

One important result from our evaluation is that recipe
composition — in a relatively rich kitchen domain of 400
items — is more than adequately efficient, requiring about
0.1 seconds for the sauce preparation stage on inexpensive
hardware. Furthermore, as shown in Figure 3 — just before
step 13, recomposing the recipe due to changes in ingre-
dient availability is also sufficiently efficient (0.05 sec).

Scalability We measured the time required to create a
recipe for the sauce preparation stage for increasing initial
environment sizes, ranging from the minimal number of
axioms to allow for lasagne to be cooked, to an exception-
ally rich environment containing 3200 axioms.

As shown in Figure 4, su-chef performs well for smart
worlds of a relatively limited size — up to around 1000
axioms, such as home or kitchen environments, requir-
ing less than two seconds. However, for larger environ-
ments, containing hundreds of thousands or millions of
axioms, the applicability of this technique is limited, as
performance degrades linearly. This is hardly surprising
— planning is by nature computationally difficult, even for
the restricted versions of the planning problems.

Discussion We have come across several important re-
search challenges that planning needs to address before
it can be applicable to the full spectrum of process coor-
dination in smart spaces. First, the system needs to be



resilient to planner failures—e.g. “no plan found”, aris-
ing due to incomplete or incorrect knowledge of the world
—e.g. corrupted device descriptions or incorrect greplets.
Furthermore, the coordination of smart environments of-
ten involves looping, conditional, and concurrent actions,
thus planning technology needs to be able to automatically
assemble non-sequential complex processes from atomic
actions. TLPLan supports all these control constructs, as
analysed in [12], but only if — often painstakingly hand-
coded — templates indicating the non-sequential actions
are provided by the user.

6 Research context

The approach closest to our work — in terms of using plan-
ning for home automation — is chef [10], a case-based
planner that builds new recipes through adaptation of ex-
isting ones. In our system, this corresponds to function-
ality the greplet builder provides — building a greplet or
adapting an existing one, based on the available ingredi-
ents and devices. Our system does more than that: it dy-
namically composes recipes based on current environmen-
tal information, and integrates the overall cooking process
in intelligent environments, facilitating monitoring, exe-
cution, and adaptation to run-time changes, therefore con-
stituting a superset of chef.

Intelligent home environments [2, 5, 3], built on sen-
sor technology and smart appliances, and smart objects [8,
11], augmenting everyday objects with computer technol-
ogy and sensors, compose the environment in which su-
chef is envisaged to operate. Research efforts in food
science have achieved the assessment of food proper-
ties, such as textural changes [4], sweetness and consis-
tency [1], using electronic sensing systems to facilitate
food development and processing. su-chef utilises such
sensory systems, if available, to enable refined detection
of the changes in the state of ingredients (e.g. onion has
been sauteed).

7 Conclusionsand future work

In this paper, we identified challenges for coordinating
smart home environments as results of their dynamism
and unpredictability, using the example of recipes. We

proposed su-chef; a system that automates coordination
of a smart kitchen by building and adapting recipes at run-
time based on greplets. The core of su-chef is the monitor
that observes environmental changes, and the coordinator
that orchestrates the actions of users and devices.

At present we are looking at privacy issues related to
the exposure of users’ gastronomic preferences. In the fu-
ture, we aim to integrate su-chef in an intelligent home en-
vironment for further experimentation. Furthermore, we
will investigate the use of formal methods for greplet veri-
fication, to control the creation of dangerous mixtures that
might, for instance, be poisonous or explosive.
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