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(57) ABSTRACT

In one embodiment, a method includes accessing a tempera-
ture map of a food item in a cooking apparatus, where the
temperature map comprises a plurality of regions of the food
item and associates a temperature with each region, and the
cooking apparatus cooks according to an initial heating
technique. The method includes determining, by a comput-
ing device, whether a temperature associated with at least
one region of the food item violates a predetermined tem-
perature constraint, and in response to a determination that
the temperature associated with at least one region of the
food item violates a predetermined temperature constraint,
then determining an optimal heating technique and instruct-
ing the cooking apparatus to cook according to the optimal
heating technique. In response to a determination that the
temperature of each region does not violate a predetermined
temperature constraint, the method includes determining
that the initial heating technique should not be changed.
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ADAPTIVE CONTROL OF A HEATING
APPARATUS BASED ON A LOAD’S
THERMAL PROPERTIES

TECHNICAL FIELD

[0001] This application generally relates to adaptively
controlling a heating apparatus based on a load’s thermal
properties.

BACKGROUND

[0002] Cooking appliances, such as microwave ovens,
kitchen ranges such as gas or electric ranges, toaster ovens,
and air fryers, all cook according to fixed or preset controls
of cooking variables (e.g., time, power) for the cooking
process. For example, a microwave oven may require the
user to input a time setting (e.g., how long to cook the food)
and a power setting, while a range may require the user to
input a temperature setting and then independently monitor
the length of cooking time. A cooking appliance may also
permit users to select a preset entry, which corresponds to
preset time and power settings. For example, a user may
select a preset type of food and a weight or quantity of the
food, and then the cooking appliance looks up correspond-
ing power and time values to control the cooking process.
Based on the user’s inputs, the cooking appliance cooks
according to the predetermined values for time, power,
and/or temperature.

[0003] Fixed or preset control of cooking variables often
results in suboptimal cooking (such as over-cooking or
under-cooking food), in part due to the wide variability of
the food (ingredients, density, etc.). These kinds of controls
also require user intervention (e.g. the user has to check a
pizza multiple times to avoid it getting burned) to monitor
the cooking process. For example, in a microwave oven, a
user may stop the microwave because the user notices food
splatter while reheating leftovers. In another scenario, a user
may have to add more time because the leftovers were too
cold after the initial heating time finished. In another sce-
nario, a frozen food item may be partially cooked and
partially frozen because the preset controls cooked both too
hot and for not enough time.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] FIG. 1 illustrates an example method of adaptively
and automatically controlling a cooking apparatus based on
a food item’s thermal properties.

[0005] FIG. 2 illustrates an example temperature map of a
food item.
[0006] FIGS. 3A and 3B illustrates an example of steps

130 and 140 of the example of FIG. 1.

[0007] FIG. 4 illustrates an example temperature graph of
the cooking process corresponding to FIGS. 3A and 3B.
[0008] FIG. 5 illustrates another example procedure for
adaptively and automatically controlling a cooking appara-
tus based on a food item’s thermal properties.

[0009] FIG. 6 illustrates an example heat-exchanger
model.
[0010] FIG. 7 illustrates an example computing device.

DESCRIPTION OF EXAMPLE EMBODIMENTS

[0011] Uneven heating is a common issue in both con-
sumer and commercial thermal processing systems such as
a cooking apparatus. Multiple factors impact temperature
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heterogeneity within a load (i.e., the food): these factors
include geometry and thermal properties of the load, as well
as design features and operational constraints of the appa-
ratus. As an example, sharp corners in food tend to overheat
during microwave heating due to internal reflections and
focusing of the RF energy, and the inherent standing-wave
pattern set up in a microwave oven further contributes to
uneven heating. Thawing of frozen foods in microwave
ovens is one example of this problem: the corners or edges
of'the food can easily be overheated or parcooked before the
bulk of the food is fully thawed.

[0012] FIG. 1 illustrates an example method of adaptively
and automatically controlling a cooking apparatus based on
a food item’s thermal properties. Temperature is one
example of a food item’s thermal properties; other examples
include thermal conductivity and thermal diffusion rate. Step
110 of the example method of FIG. 1 includes accessing a
temperature map of a food item in a cooking apparatus,
where the temperature map includes a plurality of regions of
the food item and associates a temperature with each region,
and where the cooking apparatus cooks according to an
initial heating technique. A cooking apparatus may include
a cooking appliance, such as a microwave or an oven;
however, the techniques and disclosure provided herein may
also be used for other heating equipment and processes, such
as for example in industrial thermal processing equipment
and/or medical or sanitary thermal processing equipment
(e.g., therapeutic microwave irradiation in medicine).

[0013] In particular embodiments, the temperature map
may be accessed by a computing device (e.g., a processor
and memory) integrated with the cooking apparatus. In
particular embodiments, the temperature map may be
accessed from a separate computing device, such as for
example from a client computing device (e.g., a smartphone,
laptop, etc.) or from a server device. In particular embodi-
ments, accessing a temperature map includes creating the
temperature map. This disclosure contemplates any suitable
approach for creating a temperature map of a food item in a
cooking apparatus. For example, a temperature map may be
created by one or more thermal images from one or more
thermal cameras with a field of view that includes the
interior of the cooking apparatus, such as a thermal camera
that is integrated within the cooking apparatus. In particular
embodiments, a temperature map may be a two-dimensional
temperature map, such as for example a surface map of the
food item. In particular embodiments, a temperature map
may include three-dimensional information, such as for
example temperature measurements from the surface of the
food item and temperature measurements from the interior
of the food item.

[0014] In particular embodiments, the regions of the food
item that are associated with a temperature may be each
pixel in a thermal image of the food item. As illustrated in
this example, a temperature may be associated with each of
the smallest discernable unit of food item, according to the
technique used to generate the temperature map. In particu-
lar embodiments, a region may be a larger size, such as for
example a collection of pixels in thermal image. Each region
is associated with a particular temperature, and in most
cooking scenarios, the temperature of a food item is not
homogenous during the cooking process. For example, FIG.
2 illustrates an example temperature map of a food item (in
this case, a tuna steak) in a microwave oven after cooking for
a period of time. As illustrated in FIG. 2, the tuna steak’s
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temperature is not homogenous. For example, point B, near
the center of the tuna steak, is still frozen, while Point A,
which is a relatively narrow, sharp corner of the tuna steak,
is at a much higher temperature. Moreover, some of the
unevenness in the cooking of the tuna steak is due to that fact
that the plate, indicated by point C in FIG. 2, is at a much
higher temperature than the tuna steak, and as a result point
A is receiving more heat from its immediate surroundings
than is point B.

[0015] In the example of FIG. 1, the cooking apparatus
initially cooks according to an initial heating technique. The
heating technique is a set of one or more cooking variables
(e.g., time, power settings or flame-level settings, cooking
mode, etc.) that define at least in part how cooking will
proceed. As explained more fully below, a heating technique
may include fixed values for the cooking variables (e.g., heat
at power level 7 for 2 minutes) or may include variable
values (e.g., heat at power level 7 until a certain condition
is met and then heat at power level 3 until another condition
is met). In particular embodiments, an initial heating tech-
nique may be predetermined or preset. For example, an
initial heating technique for a microwave may be full power,
based on the assumption that food is initially far from the
desired final temperature. In particular embodiments, an
initial heating technique may depend on the particular
cooking apparatus, on the particular use-case (e.g., as indi-
cated by user input) of that cooking apparatus, or on one or
more detected features about the cooking scenario. For
example, a bottle warmer may initially heat at a low tem-
perature while a microwave may initially heat at a maximum
temperature. As another example, a convection oven may
initially heat at high convection if the user specifically
selects a “fry” or “crisp” or similar setting. As another
example, an initial heating technique may initially be a
relatively low power if the user selects a “warm” setting and
the food item (e.g., as sensed by a thermal camera) is already
at room temperature.

[0016] Step 120 of the example method of FIG. 1 includes
determining, by a computing device, whether a temperature
associated with at least one region of the food item violates
a predetermined temperature constraint. This determination
may be made on a subsequently accessed or created tem-
perature map. For example, a subsequent thermal image
(i.e., a thermal image after some cooking according to the
initial heating technique has occurred) may be obtained of
the food item, and a temperature map of the surface of the
food item may be created. Therefore, in this example step
120 includes determining from the temperature map whether
a temperature associated with part of the food (e.g., a
temperature associated with a pixel identified as being part
of the food item or associated with a group of pixels
identified as being part of the food item) exceeds a prede-
termined temperature constraint. For example, a temperature
constraint may be a maximum temperature, a minimum
temperature, or an average temperature of multiple regions
of the food item. As explained herein, a temperature con-
straint may be associated with a predicted temperature of a
corresponding region of the food item.

[0017] While step 120 of the example of FIG. 1 involves
determining whether at least one region of the food item
violates a predetermined temperature constraint, this disclo-
sure contemplates that a similar determination may be made
regarding one or more other thermal constraints. For
example, a determination may be made as to whether at least
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one region of the food item violates a predetermined heat-
ing-rate constraint, a thermal-diffusion constraint, a brown-
ing-level constraint, a consistency (e.g., viscosity) con-
straint, a phase (e.g., solid-liquid-gas) constraint, a geometry
constraint (changing shape or dimensions), or a weight
constraint (e.g. due to evaporation) etc.

[0018] In particular embodiments, the value of a prede-
termined constraint may be based on one or more of a
cooking procedure, the goals for the cooking procedure, or
user inputs regarding the cooking procedure. For example, if
the predetermined temperature constraint is a maximum
temperature, a “sear” setting (e.g., associated with an oven
or grill) may be associated with a higher predetermined
temperature than a “boil” setting (e.g., associated with a
microwave), which may be associated with a higher prede-
termined temperature than a “warm” setting, which may be
associated with a higher predetermined temperature than a
“defrost” setting. In particular embodiments, the value of a
predetermined thermal constraint may be based on an iden-
tification of a food item, for example based on the volume,
weight, or type of food item. In particular embodiments, a
user may specify or adjust the value of a predetermined
thermal constraint. For example, a user may specity a value
of a thermal constraint for a “warm” or “defrost” setting
based on the user’s cooking preferences.

[0019] Step 130 of the example method of FIG. 1 includes
in response to a determination that the temperature associ-
ated with at least one region of the food item violates the
predetermined temperature constraint, then determining an
optimal heating technique and instructing the cooking appa-
ratus to cook according to the optimal heating technique.
Step 140 of the example method of FIG. 1 includes in
response to a determination that the temperature of each
region does not violate the predetermined temperature con-
straint, then determining that the initial heating technique
should not be changed. In each instance, the determination
may be made based on a violation of one predetermined
temperature constraints or on more than one violation of a
predetermined temperature constraint, or of multiple differ-
ent predetermined temperature constraints.

[0020] FIGS. 3A and 3B illustrates an example of steps
130 and 140 of the example of FIG. 1. FIG. 3 A illustrates the
maximum temperature, as a function of time, of a food item
being defrosted in a microwave. In the example of FIG. 3A,
the predetermined thermal constraint is a maximum tem-
perature of about 32 degrees Celsius. FIG. 3B illustrates a
corresponding power output of the microwave as a function
of time. In the example of FIGS. 3A and 3B, the initial
heating technique may be a certain power (e.g., 800 watts),
which may be the maximum power level of the microwave.
Heating at this power level continues until a region (or a
predetermined number of regions) of the food item reaches
or exceeds the predetermined maximum temperature con-
straint. In response to this determination, the microwave
begins heating at an optimal heating technique, which in the
example of FIGS. 3A and 3B, means that the power level
immediately drops to 0 watts, i.e., the cooking apparatus
stops introducing heat to the system. Once the maximum
temperature of the food item falls below a certain tempera-
ture, e.g., approximately 30 degrees Celsius in the example
of FIG. 3B, then the heating may continue at 400 watts,
again until the predetermined maximum temperature is
reached. In this example, heating at 400 watts or at 0 watts
(i.e., the optimal heating technique, in this example) con-
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tinues based on the maximum temperature of the food item
until the defrosting process is complete. As explained above,
the specific cycling shown in FIG. 3B cannot effectively be
used as a preprogrammed heating cycle, as its ability to heat
food without overcooking is ultimately based on the specific
food item used and its thermal properties, including its
shape, size, density, conductivity, etc. Using the heating
pattern shown in FIG. 3B for a different food item, even if
of the same type, will have a different thermal result, and
therefore effective heating control in this disclosure is based
on monitoring the food item’s thermal properties.

[0021] In particular embodiments, a process of adaptively
and automatically controlling a cooking apparatus based on
a food item’s thermal properties, such as the example
method of FIG. 1, may continue until a predetermined
thermal constraint is reached, and which point the cooking
process may be completed and the cooking apparatus may
be turned off (or, for example, set to a “warming” mode). In
particular embodiments, this predetermined thermal con-
straint may be a predetermined target temperature of the
food item, and thus the process may continue until the target
temperature of the food item is reached. In particular
embodiments, the cooking process may complete when any
portion of the food item reaches the predetermined target
temperature. In particular embodiments, the cooking process
may complete when all (or a predetermined percentage of,
e.g., 95% of) a food item has reached the predetermined
target temperature. For example, FIG. 4 illustrates an
example temperature graph of the cooking process corre-
sponding to FIGS. 3A and 3B. The temperature graph in
FIG. 4 illustrates the minimum temperature of the food item
as a function of time. In this example, heating of the food
item is as shown in FIGS. 3A and 3B (which is based on the
maximum temperature of the food item), while the continu-
ation and completion of the overall defrosting process is
determined by the minimum temperature of the food item. In
the example of FIG. 4, which corresponds to defrosting food
in the microwave, the minimum temperature threshold may
be about 1 degree Celsius. As illustrated in FIG. 4, the
defrosting process continues (e.g., the steps of the example
of FIG. 1 may be iteratively or periodically performed) until
the minimum temperature of the food item reaches the target
minimum temperature (in particular embodiments, when the
food item reaches at least that minimum temperature for a
period of time, for example of account for measurement
errors in the temperature map).

[0022] FIG. 5 illustrates another example procedure for
adaptively and automatically controlling a cooking appara-
tus based on a food item’s thermal properties. Embodiments
of FIG. 5 may result in the techniques described in the
examples illustrated in FIGS. 3A and 3B and FIG. 4.

[0023] At step 505, the example of FIG. 5 measures or
accesses a temperature map, as described more fully above
in connection with step 110 of FIG. 1. At step 510, the
example of FIG. 5 may set or access temperature limits.
These temperature limits are a specific example of limits, or
thresholds, for thermal properties of a food item, and this
disclosure contemplates that limits or thresholds for other
thermal properties may be used in the process of FIG. 5
instead of or in addition to temperature limits. As illustrated
in step 510 of FIG. 5, these limits may be uniform (i.e., may
apply equally to all the food being heated in a cooking
apparatus) or may vary, for example based on position. For
example, if a load involved multiple different types of food,
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then each type of food may be associated with a particular
temperature limit or other limit for a thermal property.
[0024] Step 515 of the example of FIG. 5 involves starting
the cooking apparatus according to an initial heating tech-
nique, for example as described above in connection with
step 110 of FIG. 1. As described above, an initial heating
technique may be a predetermined temperature or power
level associated with the cooking apparatus. As described
below, a heating technique q may be a function of time
and/or space. For example, the heating technique may
involve varying the power of a cooking apparatus over time
or may involve heating different portions (e.g., different
burners on an oven or a grill) of the cooking apparatus by
different amounts.

[0025] Step 520 of the example of FIG. 5 includes mea-
suring or accessing, after some amount of cooking according
to the initial heating technique, a subsequent temperature
map of the food item. At step 525, and based on this
subsequent temperature map, the example of FIG. 5 includes
a decision block that determines whether either or both of (1)
a temperature limit (or other thermal-property constraint or
threshold, more broadly) is violated; or (2) whether one or
more predicted thermal properties of the food item deviate
from an actual thermal property or properties by a threshold
amount (e.g., by a predetermined percentage amount, or
absolute value amount, etc.). For example, step 525 may
include determining whether a temperature of the food item
(such as a maximum temperature of one or more regions of
the food item) exceed a predetermined maximum tempera-
ture by a certain amount, or whether a predicted maximum
temperature of the food items differs from an actual maxi-
mum temperature by a predetermined amount.

[0026] If the determinations in step 525 are negative, then
at step 532 in the example of FIG. 5 a determination is made
as to whether a target thermal condition, such as a target
minimum temperature, of the food item is reached. This
target condition may be set by a user of the cooking
apparatus (e.g., a slider or other input may be provided on
the cooking apparatus that lets the user specify whether they
want to defrost or cook gently or quickly) or may be
determined automatically, for example based on the cooking
process (e.g., defrosting) being used or based on recognizing
the type of food comprising the load. If the target condition
has been reached, then the cooking apparatus may be turned
off, or may be set to a non-cooking mode such as a
“warming” mode. If the target condition has not been met,
then at step 555 the process of FIG. 5 may continue
operation according to the existing heating technique, which
may be the initial heating technique or the optimal heating
technique if one has been set in step 530 or step 545, as
explained more fully herein. As explained below, step 555
may also include providing information to a user about the
cooking process, such as one or more thermal conditions of
the food item or an estimated time to completion (ETC) of
the cooking process. For example, step 555 may include
providing to a user (such as on a display of the cooking
apparatus or, e.g., via a notification to a user’s smartphone
or smartwatch) an identification of the heating technique
being used, the maximum or minimum food temperature,
etc. The example of FIG. 5 may then return to step 520 and
the process of FIG. 5 may continue until the stopping
condition is met.

[0027] If a determination in step 525 is positive, then at
step 530 the example of FIG. 5 includes setting an initial
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optimal heating technique. For example, as discussed above
in connection with FIGS. 3A and 3B, an initial optimal
heating technique may be pausing the heat introduced by the
cooking apparatus. For example, the problem of partial
overheating of food can be mitigated by reducing or pausing
the applied heat when the system detects that some region of
the food is too hot. During times of reduced heat influx,
temperature inhomogeneities within the food are smoothed
out by the process of thermal diffusion. In particular embodi-
ments, an initial optimal heating technique may include
reducing the power of the cooking apparatus by a certain
amount or to a certain level.

[0028] Step 535 of the example of FIG. 5 includes mea-
suring or accessing a temperature map of the food item in the
cooking apparatus. Step 535 may include flashing or pro-
viding a warning to the user, for example on a display of the
cooking apparatus or to a connected (e.g., via Wi-Fi, etc.)
client computing device of the user.

[0029] In particular embodiments, such as the example of
FIGS. 3A and 3B, a cooking process may monitor the
temperature of the food item and adjust the heating tech-
nique accordingly. For example, as described with respect to
the example of FIGS. 3A and 3B, if the maximum tempera-
ture of the food item falls below a certain threshold, then the
optimal heating technique may be to resume heating at a
particular amount, e.g., at 50% power. This monitoring and
heating-technique adjustment process may continue until the
stopping condition is reached.

[0030] In the example of FIG. 5, the cooking process
determines the thermal properties of the food item to deter-
mine an optimal heating technique and, in some embodi-
ments, to update the predicted thermal properties that are
checked in, e.g., step 525 of FIG. 5. For example, step 540
of the example of FIG. 5 includes determining thermal
properties of the food item. As explained more fully below,
this may include estimating the thermal properties of the
food item.

[0031] In particular embodiments, the heating process
may be modeled using optimal control with a desired cost
functional. For example, temperature or other operational
constraints are incorporated as equality or inequality con-
straints within the solution of a thermal diffusion partial
differential equation (PDE). A solution of this PDE yields
spatial and temporal temperature profiles of the load (i.e., at
least the food item, in this example, or another object to be
heated in other thermal applications). Time-variable param-
eters that can be controlled in real time (such as heat influx)
are specified as control variables. Relevant load-specific
parameters may include load geometry, specific heat, ther-
mal conductivity, density, state of matter, etc. As explained
herein, unknown geometric and thermal properties of the
load may be estimated or determined from visual, thermo-
metric, weight, and other available measurements. Such
measurements can be made during a cooking process. As
explained below, parameter estimations can be made so that
the techniques disclosed herein can be implemented on even
low-power, low-cost computing devices. Then, combining
the optimal control solution with the estimated immutable
parameters results in an adaptive control algorithm (e.g., an
optimal heating technique) to be implemented by the cook-
ing apparatus.

[0032] As mentioned above, particular embodiments
include estimation techniques that enable computers with
limited computing power to utilize the techniques disclosed
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herein. For example, particular embodiments may use one or
more heuristic or analytically-derived heat-source control
strategies that are time-optimal or near-optimal in food
processing applications. As another example, particular
embodiments may discretize the thermal diffusion PDE and
therefore reduce the complexity of both resource estimation
and that of identifying optimal control strategy. As another
example, particular embodiments may use a “heat
exchanger” model that adequately describe the evolution of
aggregate process parameters (such as, without limitation,
minimum and maximum load temperatures) and allow effi-
cient implementation on minimal process-control hardware.
[0033] Particular embodiments deterministically control
certain heating parameters and measure temperature rise of
the load to estimate its physical characteristics, then use
those estimations when calculating a solution to the thermal
diffusion PDE, yielding a predicted thermal evolution of the
load. Optimization can then be used to calculate a control-
parameter sequence that minimizes or maximizes a quantity
of interest to the user, such as the total heating time or
consumed energy. The results of the thermal diffusion
model, predicated on the estimated physical properties of the
load and presuming the optimal control sequence already
calculated, yield an estimated time to completion that can be
conveyed to the user, in particular embodiments. In particu-
lar embodiments, a simplified heat-exchanger model can be
implemented in lieu of a full solution to the thermal diffusion
equation to perform the determinations and estimations
discussed in this paragraph.

[0034] To determine thermal properties of a load, particu-
lar embodiments use a time-dependent temperature distri-
bution T=T(t, X, v, z). To simplify the discussion herein, this
disclosure discusses examples where the distribution is
calculated based on a surface map, e.g.. T=T(t, X, y), that is
governed by the following thermal diffusion PDE (equiva-
lently, “heat equation”):

ar M
P 5% 9ep(Ts %, V) = V&(T, x, PVT) +4(t, %, ).

[0035] When using Eq. (1), any thickness variations of the
load can be absorbed into the coefficients. Temperature
distribution T=T(t, X, y) can be considered to be a “state
variable,” while the energy source q=q(t, X, y) is a “control
variable.” This energy source is time-dependent because we
presume to have control over the input energy at any
moment in the process, but the spatial dependence may be
due to the immutable parameters of the load or of the
cooking apparatus’s design (e.g., regions of the food that
heat up more quickly in the microwave, or RF inhomoge-
neity due to the standing-wave pattern). VT indicates the
two-dimensional spatial gradient of the temperature distri-
bution, and functions p(T, X, y), c,(T. x, y), KT, %, y) are
density, specific heat, and thermal conductivity, respectively.
Note that particular embodiments allow for temperature
dependence of the load’s thermal parameters, which is
generally the case in the problem of interest. For example,
heat conductivity of ice is greater than that of water, and
both phases are relevant to food processing applications.
[0036] Particular embodiments seek solutions T=T(t, X, y)
to Eq. (1) in a two-dimensional (in this example) domain
QcR? (e.g., as delineated by boundary C) that satisfy
initial and boundary-value conditions:
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where equation (2) describes initial temperature distribution,
and equation (3) describes zero heat flow along the bound-
ary, and nQ L1 ( is the unit normal to the domain
boundary. In particular embodiments, the boundary C may
be a dish or plate in contact with the food item, and then
equation (3) means that the heat flow between e.g., a
microwave turntable or an oven dish and the surrounding air
is significantly less than the heat flow between the turntable
and the load or the dish and the load. Any suitable boundary
conditions such as alternative Dirichlet, Neumann, or other
local or non-local boundary conditions can be used as well
or in the alternative.

[0037] Equations (1-3) represent a general physical
description of thermal diffusion within a load given some
observed initial conditions. The temperature distribution
will follow these equations; the only approximations made
to this point are the treatment of the food as two-dimensional
and the presumption of no significant heat flow between the
load and the air.

[0038] Particular embodiments introduce a cost function
(sometimes called a “penalty function”) that the system or a
user may wish to minimize. Examples include overall heat-
ing time, maximum deviation of the temperature from a
target set point, total energy consumed, or entropy (which is
akin to achieving a specific non-uniform temperature pro-
file.) This disclosure contemplates that any function that the
user or system wishes to maximize can be written as a
complementary function to be minimized.

[0039]

T=mef) (T (tx,9).q(05,9),0(Tx, 3o (Txy) KT,
y)xyndxdy dt 4)

Particular embodiments minimize a cost function:

for an arbitrary function F, by controlling the energy source/
drain q (t, X, y) subject to state variable (e.g., temperature)
constraints:

Tonin(t%Y )= TR Y )= T (633 )0 b]) (52)

T ain®Y)ST G XY IS T e (%,7) (5b)
and control variable constraints:
Qi (XY ) SR, Y )S Uy 6K Y LE[ O ] (6)

where t is time and T is temperature. In Eqs. (4-6) t,,,, is the
maximum modeling time, and could be either fixed or
unknown. Inequality (5a) expresses a constraint on the
temperature profile for all times. As one simple example,
this could simply be a constraint that no portion of the load
exceeds a certain temperature T, , at any point in the
heating process. Inequality (5b) expresses the termination
criterion for the heating process—basically, at the end of the
process, the temperature profile must fall within some
desired constraint. As an example, this could simply express
that the final temperature of the load should everywhere be
within 1° C. of a uniform predetermined target temperature.
Finally, inequality (6) expresses the limits of the heating that
can be applied to the load over the course of the process. In
particular embodiments q,,,,, may be zero, because the con-
troller can completely turn off the heat source. The maxi-
mum heating q,,,, that can be applied is constrained by the
cooking apparatus. Equation (4) describes the optimization
problem used by particular embodiments, and Equations
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(5-6) describe the temperature and power constraints applied
when finding the optimal control sequence.

[0040] Particular embodiments identify any parameters in
equation (1) that can be known a priori and are independent
of the load (for example, thermal and geometric properties
of an oven or grill rack or turntable ). Particular embodi-
ments collect measurements of the initial conditions (2),
then start operation of the apparatus, continuously or peri-
odically measuring T(t, X, y). Particular embodiments vary
the control q(t, X, y) within the constraints (6) to probe the
boundary conditions (5), adaptively changing the control
when the constraints (5) become active (e.g., become equal-
ity constraints). Once sufficient datapoints for T=T(t, x, y)
have been collected, particular embodiments solve param-
eter estimation (“inverse”) problem for estimating a combi-
nation of p(T, x, y), ¢, (T, x, y), k(T, %, y) for the load (e.g.,
the food item). When all parameters in (1) except the control
are known or thus estimated, particular embodiments solve
the optimal control problem (1-6) with respect to q(t, X, y)
with updated initial conditions. Particular embodiments may
optionally stop operation of the cooking apparatus while the
solution is in progress.

[0041] Once the desired control q(t, X, y) has been iden-
tified, particular embodiments solve equation (1) until the
terminal conditions in (5) are satisfied, then report the
resulting estimate of thermal conditions, such as J and/or
1,0 t0 the user. Operation of the cooking apparatus then
continues under the control q(t, X, y).

[0042] Particular embodiments that use this approach rely
on finding an exact or approximate solution to the thermal
diffusion equation. There are many ways to achieve this,
ranging from a full analytical solution to numerical compu-
tation. However, for many real-world applications, finding a
full analytical solution or even a suitable analytical approxi-
mation would be intractable. Numerical computation
approaches also span a range of feasibility depending on the
approach taken and the computational resources available.
[0043] As an example of a brute-force numerical
approach, it would be possible to use finite element analysis
software (e.g.,, COMSOL Multiphysics, Ansys, or Solid-
Works) to numerically solve the thermal diffusion PDE on a
fine 3D mesh and perform mathematical optimization. How-
ever, this approach requires a great deal of computing power,
and even then the computation time would likely exceed the
heating process time, meaning that it could not be performed
in real-time during a cooking process. Thus, aspects of this
disclosure describe approaches that simplify the solutions so
that they can be performed in real time, and even on low-cost
computing hardware. For instance, identifying parameters a
priori may not require high spatial resolution and may be
conducted numerically over a sparse grid. As another
example, simplification can be obtained by using approxi-
mate parameter inference when solving the inverse problem
described above. Identification of an optimal control func-
tion q(t, X, y) can be simplified by a particular form of the
cost function (4) to be derived analytically or approximated
heuristically, avoiding potentially numerically intensive
application of variational calculus, Pontryagin Principle, or
Dynamic Programming.

[0044] In particular embodiments of this disclosure, equa-
tions (1-6) are discretized on a sparse regular or irregular
spatial grid at a series of discrete times. Spatial gradients of
the temperature can be approximated as finite differences
between the temperatures at adjacent grid points, and evo-
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Iution of the temperature at each grid point from one time
step to the next is calculated according to the thermal
diffusion equation using this discretized form of the spatial
operators. Spatially varying parameters of the load are
discretized as well. For example, evolution of the spatially
discretized temperature T;; on the spatial grid x,, y; € @, i=1,

LN =L L, N,, may be calculated as:
1= Lipyfcf k) T gy ™
where 1=0,1, . . . is a time stepping index, the finite-

difference operator L is a discretization of the differential
operator

V(k(T, x, »)V) ®)
(T, x, ep(T, %, )

with finite-difference coefficients as explicitly known func-
tions of the discretized thermal properties
pzj[:p(D(IAt)xi)yj)aCj[:Cp(T(lAt)xi)yj)»xi)yj)akij[:k(T(lAf,
Xp V)XY ©
and with the discretized source divided by the volumetric
heat capacity:

" = g(T(mAt, x;, y;), Xi5 ;) —o.1 (10
T p(T(mAt, xi, yi), Xiy yy)ep(T(mAL, xi, p)), X1, ¥5) T

[0045] For example, but without limitation, the finite
difference operator can be defined as a scaled discretized
Laplacian operator

{T{:rllj *11&11]'* an
 KTOnAt, x5, ), x5, ) TE + T - 4771
7 p(T(mAt, xi, ¥), Xi, ¥5) A?
cp(T(mAL, xi, y;), Xi5 ¥5)

(Lo 50 Ky ]Z7)

>

over a uniform grid, where Vi, j: A=x,, ,—x=y;,,—y=const.
The first fraction in the right-hand side of (11) is the
coefficient of thermal diffusivity, and all thermal properties
may be assumed to vary sufficiently slowly to ignore their
spatial derivatives. However, subsequent discussions are
equally applicable to other or higher-order discretizations of
operator (8). Thus, the above equations 7-11 show one
example of how the thermal diffusion PDE Eq. (1) can be
discretized and calculated over a sparse grid for numerical
computation.

[0046] As discussed above, particular embodiments iden-
tify any of the parameters of equation (1) that can be known
a priori and then measure the initial temperature distribution
T(0, x;, y;). As illustrated in step 515 of the example of FIG.
5, particular embodiments subsequently commence opera-
tion of the cooking apparatus, applying an initial heating
technique where q(t, X, y)=q,,.,.=C. Where c¢ is a constant
(e.g., the maximum energy that can be output by the
apparatus). The apparatus continuously collects temperature
measurements and captures values T(IAt, x,, yj), 1=0,1, ...
interpolated (or directly measured) over the spatial and
temporal grids. This step in the heating process is designed
to provide information about the physical properties of the
load so that estimates of these properties can be used when
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numerically solving the heat equation, such as in step 540 of
the example method of FIG. 5.

[0047] If a temperature maximum T, is not reached
before the load temperature exceeds a user-specified tem-
perature minimum T,,,,, particular embodiments continue
operating the apparatus with the maximum energy influx
until the desired temperature profile T',,,,(X, Y)2T(t,,.» X
V)<T',,...(X, ¥), such as the stopping condition in step 532 of
the example of FIG. 5, is reached. (Note that stopping
conditions T, (X, ¥), T',...(X, y), may be different from
T, i Trnar» Which are examples of the temperature limits
used in step 525). In the simplest case, a constant (e.g.,
initial) heating rate yields a user-specified outcome, and an
estimated time to completion can be obtained by simple
extrapolation given the observed temperature rise and
known heating rate.

[0048] If T, is reached before the load temperature
exceeds T,,,, this may represent an over-heating scenario
and the cooking apparatus adopts a new, optimal heating
technique, e.g., q(t, X, y)=q,,;,=const (e.g., 0). In the case
that the maximum temperature is reached and the controller
must reduce the heat influx, the evolution of the temperature
profile within the load will be influenced strongly by thermal
diffusion, and then thermal properties of the load are deter-
mined (e.g., as in step 540 of the example of FIG. 5) and
used to determine an optimal control strategy (e.g., step 545)
and predict thermal evolution of the load (e.g., step 550).
[0049] When the heat influx is reduced or paused, particu-
lar embodiments utilize collected temperature measure-
ments TijlzT(lAt, X, yj), 1=0.1, . . . to estimate the unknown
parameters of equation (1) using (for example) regularized
least-squares or any other appropriate method of statistical
estimation:

Pips> Ciis kg, Py €y Ky = a2

~ 2
1 - 1) - self o, 4], s

argmin
=01,...

I+1 *

Ty

2

Reg(pys g kys Py 5 K,

where Gijl“ is a measured or estimated standard deviation of
thermometric noise. For example,

I_ + do 4 ’ fo ’ 4
Py =Pytp Ty ey =cyc 3Ty hyf =k =k, T {13

Instead of the specific representations of (13) that assume a
linear dependence on the temperature, particular embodi-
ments utilize alternative parametrized analytical, tabulated,
or other empirical functional dependencies of thermal prop-
erties on the temperature as well as any other measurable or
estimated parameters, properties, or process settings.
[0050] The last term in (12) is a linear combination of
regularization operators such as, without limitation, mini-
mum norm, Tikhonov, or total-variation regularization of
each of the unknowns, that statistically represent prior
knowledge of spatial smoothness or variability of properties
(9). This regularization term may be included in order to
address the possibility that the problem may be ill-posed.
Equations (13) express linear variability of thermal proper-
ties with temperature, but the approaches described herein
apply equally to other forms of thermal variability as well as
to temperature-independent properties (e.g., when the
primed variables equal O in (13)).
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[0051] Equations (12) and (13) describe in the broad terms
the optimization problem that must be solved to infer an
estimate of the load’s thermal properties from the observed
heating rates in the initial phase of the heating process.

[0052] For discretization (11), in particular embodiments
it is sufficient to estimate only certain combinations of
thermal properties: the coefficient of thermal conductivity
and volumetric specific heat (see equations (10,11)). At this
point, all the coefficients of (7) have been identified, and the
optimal control procedure can be commenced. In particular
embodiments, the optimal control problem (1-6) is first
reduced to the standard form that does not include the
continuous state-variable constraints (inequality 5(a)). Par-
ticular embodiments introduce a new unknown g=g(x, y)
that satisfies the following equation:

gt x, y) (14)

a7 = Unaxlts 5, ) =T x, WHT, %, 7) = Tpax ;% 7)) +

(I x, ) = Toinlt, %, Y HEouin 0, %, 9) = T, X, 7)),

(where H is the Heaviside function) that is discretized over
the temporal-spatial grid IAt, x,, y,. Equation (14) is supple-
mented with the O boundary conditions:

8(0.6,)=8(tn00%9)=0, as)

and the state-variable constraints 5(a) and 5(b) are replaced
with the terminal-time constraints:

T (YIS T (XY )ST (X5 16)

[0053] Equations (14-16) provide a parallel constraint on
the temperature T (t, X, y) in the solution of the optimization
equation (4), which finds the optimal heating control strat-
egy. They ensure that the solution keeps the temperature
within the prescribed bounds. Note that the right-hand side
of Eq. (14) is non-negative, so given the boundary condi-
tions in Eq. (15), g (x, y)=0 by necessity throughout the
process. In this manner, particular embodiments assume that
t,.ae 18 Unknown and q(t, X, y) is the control variable, and
optimize the cost functional (4) under the constraints in
equations (1), (2), (3), (14), (15), (16). This optimal solution
to Eq. (4) can be derived from techniques such as Potryagin
Principle or Dynamic Programming. The functional (4) and
all constraints discretize over the temporal-spatial grid 1At,

X Ve

[0054] In particular embodiments, solving the optimal
control problem implies solving for the unknown total
heating time t,,,,, optimal heat input q(t, X, y)=q,,(t, X, y),
and predicted load temperature distribution T(t, x, y)=T,,.,,
(t, x, y). The result is converted to an ETC and reported to
the user in real time. As illustrated in the example of FIG. 5,
in particular embodiments operation of the apparatus under
the optimal control q,,,(t, X, y) resumes, and the procedure
repeats if a significant deviation is detected between the
measured and predicted T(t, x, y) or if a predetermined
thermal condition is met.

[0055] In particular embodiments, state-variable (load
temperature) constraints (16) are of the form:

T(t,x,y)<T,,, =const,te [0,1,,, );T(t,, . .xY)

2T, =const a7
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equivalent to:

maxT(, %, ) < Tnax, £ € [0, fmax); as
Xy

in = CONSt

min, T(pa, %, ) = T,
Xy

These constraints express the requirement that the load
temperature is not to exceed a certain maximum temperature
threshold (e.g., the temperature at which unintentional par-
cooking may occur), and that the final load temperature is
everywhere above a certain minimum temperature threshold
(e.g., as required for adequate thawing of a frozen load). In
this and other embodiments where the state-variable con-
straints can be expressed in terms of spatially uniform
quantities such as maximum, minimum, or average values,
the optimal or near-optimal strategy q(t, X, y)=q,,(t, X, y)
may be defined explicitly as an adaptive algorithm. For
example, minimizing the total process time would specify
function F in the cost functional Eq. (4) as follows:

=J=lymarl[ ) L1V dndy di=t,,., (19)

where | Q| is the area of the fixed domain £, under the
state-variable (temperature) constraints (18). Particular
embodiments may then use the following control strategy:

(20)
Goptt =0, X, ) = Quugx, ¥ 1> 02 Gope (8, x, p) =

Gmin 1T MAXT(L, X, ) > Dy
Xy

Gopr (@) = Gmax if rrxlz;xT t, %, ) < Ton, ,

Gop:(t — 0) otherwise (i.e., keep previous setting)

where T, <T,, .. is a user-specified or system-specified (e.g.,
as a percentage of T,,,.) temperature that triggers switching
the apparatus back to the “full power” mode. The control
strategy described in (20) is a simple example of an on-off
control strategy in which heat is applied until overheating is
observed, at which point the heat influx is decreased to q,,,;,
(which may be zero) until the load cools sufficiently through
thermal diffusion. In particular embodiments, as illustrated
in the example of FIGS. 3A and 3B, q,,,, if

maxT(¢, x, y) < Tpp
xy

may instead be q,, if
maxT(¢, x, ) < Ton,
xy

where q,, is a user-specified or system-specified heating
value between the maximum and minimum possible heating
values. Likewise, in particular embodiments, q,,,;, if

maxT(t, x, 1) > Tnax
Xy
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may instead be q, if

maxT(¢t, x, ¥) > Tmax»
Xy

where q,, is a user-specified or system-specified heating
value between the maximum and minimum heating values,
and q,<q,, In particular embodiments, the value of q, and/or
g, may be based on a heating mode of the apparatus (e.g.,
defrost, cook, broil, sear, etc.). In particular embodiments,
this approach does not solve Eq. (4) to find the optimal
control sequence. Instead, it uses equation (20), which
describes an “on-off” control: the input heat is q,,,,, (or q,)
as long as the load temperature is within bounds, and q,,,;,
(potentially zero, or q,) if any part of the load exceeds T,,, ...

[0056] Particular embodiments may use a simplified heat-
exchanger model for implementing aspects of this disclosure
on minimal (e.g., microcontroller) hardware. In particular
embodiments, predicting aggregate temperature measures
such as minimum, maximum, or quantile temperatures may
not require accurate solution of the full heat diffusion
equation (1) or its discretization (7), even over a very sparse
grid. Such embodiments may therefore use a heat exchanger
model to simulate the evolution of such discrete measures.
An example heat-exchanger model is illustrated in FIG. 6.
This example uses n+1 (n23) linear elements that may
represent thermal properties, such as minimum, maximum,
or respective quantiles of the load temperature, immersed in
a hypothetical “bath” that represents a plate or microwave
turntable. For example, but without limitation, if n=3, the
exchanger elements represent the following temperature
measures:

T\()= ! ET(1.x,y)dxdy, Ty(1)~ J F\(DUE) T(1,x,y)dxdy,

Ta(t)= f D T(t,x,y)dxdy, T,(t)= f O\F T(t,x,y)dxdy, (€3]

where the areas of integration are specified by zones D, E,
F, and 2, where D and E are neighborhoods of the
locations of maximum and minimum temperature readings,
F represents the load, and @ is the domain (e.g., a plate,
turntable, rack, tray, etc.), which effectively acts as a thermal
bath to the load. As such, in this example T, represents the
temperature averaged over the coldest region of the load, T,
the medium-temperature part of the load, T; the hottest
region of the load, and T, is the average temperature of the
surrounding plate or turntable. As a result, as the example of
FIG. 6 illustrates, these embodiments reduce the full two-
dimensional discretization of the thermal diffusion equation
to a series of rate equations for mean temperatures in a
number of (e.g, four or more) spatial “zones”. These zones
do not necessarily have the same area or perimeter, nor do
the areas associated with each zone necessarily need to be
spatially contiguous, which means that thermal diffusion
among them will need to be described phenomenologically.
The evolution of the temperatures due to heat exchange
among the zones may be described as follows:

T T =0 (T =T (T =T DB T,

T gt 12 =0, 1, . .. ©2)
Tt T =2 BT =Tt g™ (23)
o=0,,=0, T:[= T(IAD), q[= g(IAL). 24)
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[0057] Equation (22) can be expressed in a vector form
like (7):
T Lo, BIT ity i=12, . . ., ntl, (25)

where the coefficients of operator L 'are linear combinations
of o, B,. The coefficients o, B,, represent generalized “heat
diffusion” coefficients multiplied by the time step—in other
words, o, and B; correspond to the coefficient of thermal
diffusivity in Eq. (11). More specifically, o;i=1,2, n—1
describes heat exchange between the load elements
described by T,, T, in FIG. 6, while 3, i=1,2, n describes
the exchange between a load element with T, and the bath at
temperature T,,, ;. The coefficients y;, i=1,2, . . . , n+1 can be
thought of as determined by the “volumetric capacitance” of
each element and the bath, effectively incorporating the
information that p and c, do in Eq. (11).

[0058] Reparametrizing Egs. (711) by “hyperparameters”
«;, B; and v, may be necessary because the aggregate state
variables T, no longer represent temperatures measured at
discrete spatial points. We cannot trivially calculate the
change in temperature T, within one region due to surround-
ing temperatures T, ,, T,,;, etc. according to the spatial
discretization of Eq. (7), because we have eliminated spatial
information from the problem. The different regions within
the load are diffusively connected, but in a nontrivial way
that will require observation of the temperature evolution
and fitting of the hyperparameters based on the observed
data.

[0059] The coefficients o, B,, ¥; are unknown but can be
estimated from thermometric

[0060] observations using, without limitation, a statistical
inference approach like (12):

o, i, vi = 26

ar minZ
& =01, ...

oo (L/[Of;,ﬁ']T:M)i 3P

+
2

I+1
a;

Reg(ar, Br, vi)-

In (26), T/ are aggregate measures derived from temperature
measurements e.g., using domain segmentation and expres-
sions (21), ;"' is a measured or estimated standard devia-
tion of the corresponding aggregate temperature measures,
and the last term represents an optional regularization prior,
such as a minimum vector norm. As in Eq. (12), the
regularization prior is used to facilitate solution of an inverse
problem that might otherwise be ill-posed. Note that prob-
lem (26) could be significantly easier to solve numerically
than (12). For example, for n=3 we estimate only 9 param-
eters: o, 5. By, 3, ¥y 2.3.4» Whereas Eq. (12) is calculated over
all discretized points within the field of view of the tem-
perature measurement. Equation (26) therefore describes
mathematically how the hyperparameters in Eqs. (22-25) are
determined from observed data, in particular embodiments.
[0061] As one example, the 9 parameters o, 5, By,
Yi.34 may be estimated using least-squares fitting (26)
(with &,’=1, Reg=e (I @|*+I B>+l ¥ 1) to the aggregate
measures (21) computed for an initial time period (e.g., 200
seconds) of observations. Temporal smoothing may be
applied to the data prior to the fitting.

[0062] In particular embodiments, a temperature map may
be accessed or created periodically, e.g., every few seconds,
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or more or less, during a cooking process. In particular
embodiments, updates to a heating technique or to thermal-
property estimation or prediction, or any combination there-
fore, may be performed periodically, for example a few
times a minute, or more or less.

[0063] Particular embodiments may repeat one or more
steps of the methods of FIGS. 1 and 5, where appropriate.
Although this disclosure describes and illustrates particular
steps of the methods of FIGS. 1 and 5 as occurring in a
particular order, this disclosure contemplates any suitable
steps of the method of FIG. 1 or 5 occurring in any suitable
order. Moreover, although this disclosure describes and
illustrates particular components, devices, or systems car-
rying out particular steps of the methods of FIGS. 1 and 5,
such as the computer system of FIG. 7, this disclosure
contemplates any suitable combination of any suitable com-
ponents, devices, or systems carrying out any suitable steps
of the methods of FIGS. 1 and 5. Moreover, this disclosure
contemplates that some or all of the computing operations
described herein, including the steps of the example meth-
ods illustrated in FIGS. 1 and 5, may be performed by
circuitry of a computing device, for example the computing
device of FIG. 7, by a processor coupled to non-transitory
computer readable storage media, or any suitable combina-
tion thereof

[0064] FIG. 7 illustrates an example computer system 700.
In particular embodiments, one or more computer systems
700 perform one or more steps of one or more methods
described or illustrated herein. In particular embodiments,
one or more computer systems 700 provide functionality
described or illustrated herein. In particular embodiments,
software running on one or more computer systems 700
performs one or more steps of one or more methods
described or illustrated herein or provides functionality
described or illustrated herein. Particular embodiments
include one or more portions of one or more computer
systems 700. Herein, reference to a computer system may
encompass a computing device, and vice versa, where
appropriate. Moreover, reference to a computer system may
encompass one or more computer systems, where appropri-
ate.

[0065] This disclosure contemplates any suitable number
of computer systems 700. This disclosure contemplates
computer system 700 taking any suitable physical form. As
example and not by way of limitation, computer system 700
may be an embedded computer system, a system-on-chip
(SOC), a single-board computer system (SBC) (such as, for
example, a computer-on-module (COM) or system-on-mod-
ule (SOM)), a desktop computer system, a laptop or note-
book computer system, an interactive kiosk, a mainframe, a
mesh of computer systems, a mobile telephone, a personal
digital assistant (PDA), a server, a tablet computer system,
or a combination of two or more of these. Where appropri-
ate, computer system 700 may include one or more com-
puter systems 700; be unitary or distributed; span multiple
locations; span multiple machines; span multiple data cen-
ters; or reside in a cloud, which may include one or more
cloud components in one or more networks. Where appro-
priate, one or more computer systems 700 may perform
without substantial spatial or temporal limitation one or
more steps of one or more methods described or illustrated
herein. As an example and not by way of limitation, one or
more computer systems 700 may perform in real time or in
batch mode one or more steps of one or more methods
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described or illustrated herein. One or more computer sys-
tems 700 may perform at different times or at different
locations one or more steps of one or more methods
described or illustrated herein, where appropriate.

[0066] In particular embodiments, computer system 700
includes a processor 702, memory 704, storage 706, an
input/output (I/O) interface 708, a communication interface
710, and a bus 712. Although this disclosure describes and
illustrates a particular computer system having a particular
number of particular components in a particular arrange-
ment, this disclosure contemplates any suitable computer
system having any suitable number of any suitable compo-
nents in any suitable arrangement.

[0067] In particular embodiments, processor 702 includes
hardware for executing instructions, such as those making
up a computer program. As an example and not by way of
limitation, to execute instructions, processor 702 may
retrieve (or fetch) the instructions from an internal register,
an internal cache, memory 704, or storage 706; decode and
execute them; and then write one or more results to an
internal register, an internal cache, memory 704, or storage
706. In particular embodiments, processor 702 may include
one or more internal caches for data, instructions, or
addresses. This disclosure contemplates processor 702
including any suitable number of any suitable internal
caches, where appropriate. As an example and not by way of
limitation, processor 702 may include one or more instruc-
tion caches, one or more data caches, and one or more
translation lookaside buffers (TLBs). Instructions in the
instruction caches may be copies of instructions in memory
704 or storage 706, and the instruction caches may speed up
retrieval of those instructions by processor 702. Data in the
data caches may be copies of data in memory 704 or storage
706 for instructions executing at processor 702 to operate
on; the results of previous instructions executed at processor
702 for access by subsequent instructions executing at
processor 702 or for writing to memory 704 or storage 706;
or other suitable data. The data caches may speed up read or
write operations by processor 702. The TLBs may speed up
virtual-address translation for processor 702. In particular
embodiments, processor 702 may include one or more
internal registers for data, instructions, or addresses. This
disclosure contemplates processor 702 including any suit-
able number of any suitable internal registers, where appro-
priate. Where appropriate, processor 702 may include one or
more arithmetic logic units (ALUs); be a multi-core proces-
sor; or include one or more processors 702. Although this
disclosure describes and illustrates a particular processor,
this disclosure contemplates any suitable processor.

[0068] In particular embodiments, memory 704 includes
main memory for storing instructions for processor 702 to
execute or data for processor 702 to operate on. As an
example and not by way of limitation, computer system 700
may load instructions from storage 706 or another source
(such as, for example, another computer system 700) to
memory 704. Processor 702 may then load the instructions
from memory 704 to an internal register or internal cache. To
execute the instructions, processor 702 may retrieve the
instructions from the internal register or internal cache and
decode them. During or after execution of the instructions,
processor 702 may write one or more results (which may be
intermediate or final results) to the internal register or
internal cache. Processor 702 may then write one or more of
those results to memory 704. In particular embodiments,
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processor 702 executes only instructions in one or more
internal registers or internal caches or in memory 704 (as
opposed to storage 706 or elsewhere) and operates only on
data in one or more internal registers or internal caches or in
memory 704 (as opposed to storage 706 or elsewhere). One
or more memory buses (which may each include an address
bus and a data bus) may couple processor 702 to memory
704. Bus 712 may include one or more memory buses, as
described below. In particular embodiments, one or more
memory management units (MMUSs) reside between proces-
sor 702 and memory 704 and facilitate accesses to memory
704 requested by processor 702. In particular embodiments,
memory 704 includes random access memory (RAM). This
RAM may be volatile memory, where appropriate Where
appropriate, this RAM may be dynamic RAM (DRAM) or
static RAM (SRAM). Moreover, where appropriate, this
RAM may be single-ported or multi-ported RAM. This
disclosure contemplates any suitable RAM. Memory 704
may include one or more memories 704, where appropriate.
Although this disclosure describes and illustrates particular
memory, this disclosure contemplates any suitable memory.

[0069] In particular embodiments, storage 706 includes
mass storage for data or instructions. As an example and not
by way of limitation, storage 706 may include a hard disk
drive (HDD), a floppy disk drive, flash memory, an optical
disc, a magneto-optical disc, magnetic tape, or a Universal
Serial Bus (USB) drive or a combination of two or more of
these. Storage 706 may include removable or non-remov-
able (or fixed) media, where appropriate. Storage 706 may
be internal or external to computer system 700, where
appropriate. In particular embodiments, storage 706 is non-
volatile, solid-state memory. In particular embodiments,
storage 706 includes read-only memory (ROM). Where
appropriate, this ROM may be mask-programmed ROM,
programmable ROM (PROM), erasable PROM (EPROM),
electrically erasable PROM (EEPROM), electrically alter-
able ROM (EAROM), or flash memory or a combination of
two or more of these. This disclosure contemplates mass
storage 706 taking any suitable physical form. Storage 706
may include one or more storage control units facilitating
communication between processor 702 and storage 706,
where appropriate. Where appropriate, storage 706 may
include one or more storages 706. Although this disclosure
describes and illustrates particular storage, this disclosure
contemplates any suitable storage.

[0070] In particular embodiments, /O interface 708
includes hardware, software, or both, providing one or more
interfaces for communication between computer system 700
and one or more /O devices. Computer system 700 may
include one or more of these /O devices, where appropriate.
One or more of these /O devices may enable communica-
tion between a person and computer system 700. As an
example and not by way of limitation, an /O device may
include a keyboard, keypad, microphone, monitor, mouse,
printer, scanner, speaker, still camera, stylus, tablet, touch
screen, trackball, video camera, another suitable 1/O device
or a combination of two or more of these. An /O device may
include one or more sensors. This disclosure contemplates
any suitable /O devices and any suitable /O interfaces 708
for them. Where appropriate, /O interface 708 may include
one or more device or software drivers enabling processor
702 to drive one or more of these 1/O devices. I/O interface
708 may include one or more I/O interfaces 708, where
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appropriate. Although this disclosure describes and illus-
trates a particular 1/O interface, this disclosure contemplates
any suitable 1/O interface.

[0071] In particular embodiments, communication inter-
face 710 includes hardware, software, or both providing one
or more interfaces for communication (such as, for example,
packet-based communication) between computer system
700 and one or more other computer systems 700 or one or
more networks. As an example and not by way of limitation,
communication interface 710 may include a network inter-
face controller (NIC) or network adapter for communicating
with an Ethernet or other wire-based network or a wireless
NIC (WNIC) or wireless adapter for communicating with a
wireless network, such as a WI-FI network. This disclosure
contemplates any suitable network and any suitable com-
munication interface 710 for it. As an example and not by
way of limitation, computer system 700 may communicate
with an ad hoc network, a personal area network (PAN), a
local area network (LAN), a wide area network (WAN), a
metropolitan area network (MAN), or one or more portions
ofthe Internet or a combination of two or more of these. One
or more portions of one or more of these networks may be
wired or wireless. As an example, computer system 700 may
communicate with a wireless PAN (WPAN) (such as, for
example, a BLUETOOTH WPAN), a WI-FI network, a
WI-MAX network, a cellular telephone network (such as,
for example, a Global System for Mobile Communications
(GSM) network), or other suitable wireless network or a
combination of two or more of these. Computer system 700
may include any suitable communication interface 710 for
any of these networks, where appropriate. Communication
interface 710 may include one or more communication
interfaces 710, where appropriate. Although this disclosure
describes and illustrates a particular communication inter-
face, this disclosure contemplates any suitable communica-
tion interface.

[0072] In particular embodiments, bus 712 includes hard-
ware, software, or both coupling components of computer
system 700 to each other. As an example and not by way of
limitation, bus 712 may include an Accelerated Graphics
Port (AGP) or other graphics bus, an Enhanced Industry
Standard Architecture (EISA) bus, a front-side bus (FSB), a
HYPERTRANSPORT (HT) interconnect, an Industry Stan-
dard Architecture (ISA) bus, an INFINIBAND interconnect,
a low-pin-count (LLPC) bus, a memory bus, a Micro Channel
Architecture (MCA) bus, a Peripheral Component Intercon-
nect (PCI) bus, a PCI-Express (PCle) bus, a serial advanced
technology attachment (SATA) bus, a Video Electronics
Standards Association local (VLB) bus, or another suitable
bus or a combination of two or more of these. Bus 712 may
include one or more buses 712, where appropriate. Although
this disclosure describes and illustrates a particular bus, this
disclosure contemplates any suitable bus or interconnect.

[0073] Herein, a computer-readable non-transitory storage
medium or media may include one or more semiconductor-
based or other integrated circuits (ICs) (such, as for
example, field-programmable gate arrays (FPGAs) or appli-
cation-specific ICs (ASICs)), hard disk drives (HDDs),
hybrid hard drives (HHDs), optical discs, optical disc drives
(ODDs), magneto-optical discs, magneto-optical drives,
floppy diskettes, floppy disk drives (FDDs), magnetic tapes,
solid-state drives (SSDs), RAM-drives, SECURE DIGITAL
cards or drives, any other suitable computer-readable non-
transitory storage media, or any suitable combination of two
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or more of these, where appropriate. A computer-readable
non-transitory storage medium may be volatile, non-vola-
tile, or a combination of volatile and non-volatile, where
appropriate.

[0074] Herein, “or” is inclusive and not exclusive, unless
expressly indicated otherwise or indicated otherwise by
context. Therefore, herein, “A or B” means “A, B, or both,”
unless expressly indicated otherwise or indicated otherwise
by context. Moreover, “and” is both joint and several, unless
expressly indicated otherwise or indicated otherwise by
context. Therefore, herein, “A and B” means “A and B,
jointly or severally,” unless expressly indicated otherwise or
indicated otherwise by context.

[0075] The scope of this disclosure encompasses all
changes, substitutions, variations, alterations, and modifica-
tions to the example embodiments described or illustrated
herein that a person having ordinary skill in the art would
comprehend. The scope of this disclosure is not limited to
the example embodiments described or illustrated herein.
Moreover, although this disclosure describes and illustrates
respective embodiments herein as including particular com-
ponents, elements, feature, functions, operations, or steps,
any of these embodiments may include any combination or
permutation of any of the components, elements, features,
functions, operations, or steps described or illustrated any-
where herein that a person having ordinary skill in the art
would comprehend.

What is claimed is:

1. A method comprising:

accessing a temperature map of a food item in a cooking
apparatus, wherein the temperature map comprises a
plurality of regions of the food item and associates a
temperature with each region, and wherein the cooking
apparatus cooks according to an initial heating tech-
nique;

determining, by a computing device, whether a tempera-
ture associated with at least one region of the food item
violates a predetermined temperature constraint;

in response to a determination that the temperature asso-
ciated with at least one region of the food item violates
the predetermined temperature constraint, then deter-
mining an optimal heating technique and instructing
the cooking apparatus to cook according to the optimal
heating technique; and

in response to a determination that the temperature of
each region does not violate the predetermined tem-
perature constraint, then determining that the initial
heating technique should not be changed.

2. The method of claim 1, further comprising:

accessing a thermal image of the food item in the cooking
apparatus; and

creating the temperature map based on the thermal image.

3. The method of claim 1, wherein the initial heating

technique comprises heating according to a maximum heat-
ing mode of the cooking apparatus.

4. The method of claim 1, further comprising:

determining, based on the temperature map, whether the
food item has reached a predetermined target tempera-
ture;

in response to a determination that the food item has not
reached the predetermined target temperature, then
re-executing the steps of claim 1; and
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in response to a determination that the food item has
reached the predetermined target temperature, then
instructing the cooking apparatus to cease cooking the
food item.

5. The method of claim 4, wherein:

the predetermined target temperature comprises a mini-

mum temperature; and

determining whether the food item has reached the pre-

determined target temperature comprises determining
whether every region of the food item has reached the
minimum temperature.

6. The method of claim 5, wherein a value of the mini-
mum temperature is based on a cooking mode of the cooking
apparatus.

7. The method of claim 1, wherein the predetermined
temperature constraint comprises one or more of:

a maximum temperature; or

a predicted temperature.

8. The method of claim 7, wherein determining, by a
computing device, whether the temperature associated with
at least one region of the food item violates a predetermined
temperature constraint comprises:

determining whether the temperature associated with at

least one region of the food item exceeds the maximum
temperature; or

determining whether the temperature associated with at

least one region of the food item differs from a pre-
dicted temperature for that region by at least a prede-
termined threshold amount.

9. The method of claim 1, wherein the optimal heating
technique comprises heating the food item according to a
minimum heating mode of the cooking apparatus.

10. The method of claim 1, further comprising estimating
one or more thermal properties of the food item.

11. The method of claim 10, wherein determining the
optimal heating technique comprises:

predicting, based on the estimated thermal properties of

the food item, a thermal evolution of the food item over
time; and

determining, based on the predicted thermal evolution of

the food item over time, the optimal heating technique.
12. The method of claim 11, wherein predicting the
thermal evolution of the food item over time comprises
predicting, based on the estimated thermal properties of the
food item, a temperature evolution of the food item over
time.
13. The method of claim 12, further comprising:
determining that an observed temperature evolution of the
food item differs from the predicted temperature evo-
Iution of the food item by a predetermined amount;

in response to the determination that the observed tem-
perature evolution of the food item differs from the
predicted temperature of the food item by a predeter-
mined amount, then updating the estimate of the one or
more thermal properties of the food item; and

updating the optimal heating technique based on the
updated estimate of the thermal properties of the food
item.

14. The method of claim 11, wherein determining, based
on the predicted thermal evolution of the food item over
time, the optimal heating technique comprises minimizing a
cost function for a thermal property of the food item,
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wherein the cost function is at least in part a function of an
amount of thermal energy provided by the cooking appara-
tus.

15. The method of claim 14, further comprising minimiz-
ing the cost function subject to at least one of: (1) one or
more thermal constraints or (2) one or more constraints on
one or more control variables that define a heating tech-
nique.

16. The method of claim 15, wherein the one or more
thermal constraints comprise:

a minimum temperature that each region of the food item

must exceed; and

a maximum temperature that each region of the food item

must not exceed.

17. The method of claim 14, wherein the thermal property
comprises a completion time for cooking the food item.

18. The method of claim 10, wherein:

estimating one or more thermal properties of the food

item comprises estimating a completion time for cook-
ing the food item; and

the method further comprises providing, for display to a

user, the estimated completion time for cooking the
food item.

19. The method of claim 10, wherein estimating one or
more thermal properties of the food item comprises predict-
ing, using a heat-exchanger model comprising a plurality of
zones that are each defined by an associated temperature
range, one or more aggregate temperature measures for at
least a portion of the food item.

20. One or more non-transitory computer readable storage
media embodying instructions and coupled to one or more
processors that are operable to execute the instructions to:

access a temperature map of a food item in a cooking

apparatus, wherein the temperature map comprises a
plurality of regions of the food item and associates a
temperature with each region, and wherein the cooking
apparatus cooks according to an initial heating tech-
nique;
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determine, by a computing device, whether a temperature
associated with at least one region of the food item
violates a predetermined temperature constraint;

in response to a determination that the temperature asso-

ciated with at least one region of the food item violates
the predetermined temperature constraint, then deter-
mine an optimal heating technique and instruct the
cooking apparatus to cook according to the optimal
heating technique; and

in response to a determination that the temperature of

each region does not violate the predetermined tem-
perature constraint, then determine that the initial heat-
ing technique should not be changed.

21. A system comprising one or more processors and a
non-transitory computer readable storage media embodying
instructions coupled to the one or more processors, the one
or more processors operable to execute the instructions to:

access a temperature map of a food item in a cooking

apparatus, wherein the temperature map comprises a
plurality of regions of the food item and associates a
temperature with each region, and wherein the cooking
apparatus cooks according to an initial heating tech-
nique;

determine, by a computing device, whether a temperature

associated with at least one region of the food item
violates a predetermined temperature constraint;

in response to a determination that the temperature asso-

ciated with at least one region of the food item violates
the predetermined temperature constraint, then deter-
mine an optimal heating technique and instruct the
cooking apparatus to cook according to the optimal
heating technique; and

in response to a determination that the temperature of

each region does not violate the predetermined tem-
perature constraint, then determine that the initial heat-
ing technique should not be changed.
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