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RESUME. Ce papier introduit le probléme de la planification automatique des repas. Etant donné un
ensemble de repas caractérisés par une composition calorifique, un prix, des éléments de qualité nu-
tritionnelle et la période de consommation (petit-déjeuner, diner etc.), le but est de construire 'affecta-
tion optimale des repas dans les périodes afin d’optimiser la qualité de I'alimentation et/ou le plan. Le
probleme de la planification automatique des repas est particulierement intéressant en Afrique. Avec
la récente émergence des systémes de télécommunications ainsi que la construction des bases de
données sur 'alimentation africaine, il peut servir a construire des systéemes de recommandation, per-
mettant aux consommateurs d’optimiser leur budget de nutrition tout en maintenant une alimentation
équilibrée. Ce papier contribue sur ce défi en formalisation le probleme, I'analysant et en proposant
un algorithme par séparation-évaluation pour sa résolution. Enfin, nous effectuons une validation ex-
périmentale a partir des données sur I'alimentation en Tanzanie. Les résultats montrent que nous
pouvons produire des plans nettement meilleurs que ceux issus d’approches plus naives.

ABSTRACT. In this paper, we focus on the automatic meal planning problem (AMP). Assuming a set
of meals characterized by a calorific composition, a price, a nutrient composition and mealtimes, the
objective is to decide on the meal to assign to each mealtime such as to obtain an optimal plan in
term of nutritional quality and prices. AMP is particularly interesting in Africa. Indeed, thanks to the
emergence of telecommunication networks and works done on the statistical modeling of nutrition in
Africa, it can serve for designing recommender systems, accessible on cellular phones that will help
consumers to make a better planning of their budget while keeping a balanced nutrition. Our study
contributes to this objective by formalizing the problem, analyzing it and providing a branch and bound
algorithm for its resolution. Finally, we did an experimental evaluation based on open data available for
nutrition in Tanzania. The results show that the plan we produce can largely overpass naive solutions.

MOTS-CLES : Systéme de recommandation, alimentation équilibrée, probléme d’optimisation de
contraintes

KEYWORDS : Recommender system, balanced nutrition, constraint optimization problem
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1. Introduction

The global objective of this study is to help to improve the world nutrition by providing
adequate numeric tools for a balanced and responsible nutrition. For this purpose, we
introduce the automatic meal planning problem (AMP). Assuming a set of meals that
we mainly characterize by their ingredients, nutrient composition, price and a window of
mealtimes, the objective is to automatically build a meal plan that states what to eat in
each mealtime while optimizing a budget and a nutritional balance.

The AMP is particularly interesting in African countries. Indeed, it can serve for buil-
ding recommender systems that will help people to keep a balanced nutrition. The idea of
building such recommender systems is not new. It is part of a general trend that consists
of investigating nutrition challenges with computer algorithms. Some popular questions
in this tendency are the finding of equivalence between ingredients [1], the analysis of
flavor between recipes [2] or the discovery of the structure similarity in recipes [3]. In this
paper, our focus is on the automatic composition of meal plans.

Closer to our objective, we can refer to the CHEF system [4], a recommender system
based on user preference [5], the smart kitchen system [6] or the daily meal plan recom-
mender system [8]. Our work shares several common features with these works. These
are : the formalization of meals through cook recipes, the management of users prefe-
rences, the distinction of meals in types or the objective to converge towards a healthy
nutrition. However our work differs from these studies on three main points. The first
point is that these works tackle the problem mainly in an Artificial Intelligence (case-
based reasoning, expert systems etc.), information system or data analysis perspective
(data clustering, statistical analysis etc.) while we are interesting in modeling, formali-
zing and solving the combinatorial problem of meal plan composition. The second no-
velty that our work introduces is to consider qualitative evaluation of meals based on the
a nutritional score system that we will refer to as the Hercberg score [9]. The Hercberg
score is a classification that ranges foods in distinct classes depending on the quantity of
nutrients they include and the type of ingredients they have. This classification is beco-
ming a popular standard and was adopted for food labeling in France. Finally, we provided
experiments that demonstrate how our system can be used for healthy nutrition based on
open data available for nutrition in Tanzania.

The remainder of this paper is organized as follows. In Section 2 , we discuss the rela-
ted work. Section 3 introduces the theoretical formulation of the automatic meal planning
problem. In Section 4, we propose a heuristic for solving the problem and evaluate it. We
conclude in Section 5.

2. Related work

The design of automatic meal planner was investigated rather early in Artificial Intel-
ligence. One of the first proposed system was CHEF [4], a case-based reasoning system
that was able to recommend dishes based on their types and the taste expected by the
consumer. As the CHEF system, in the problem we propose, dishes are ranged in types
and are characterized by their ingredients. Unlike CHEF, we do not explicitly account on
the tasting but consider a general concept of preference. Finally, we consider the quality of
meals based on the nutrient composition. In [5], the authors propose a recommender sys-
tem for recipes based on users preferences. From several observations made on recipes
chosen by the users, the system is able to detect what are the user favorite ingredients.
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Based on these ingredients, a classification of recipes is proposed and then used for re-
commending recipes to users. In our work, we also handle user preferences. However, it
is only a criteria for deciding on the best recipes. In [6] the authors introduce the smart
kitchen, an intelligent kitchen that returns qualitative data about cooking processes. The
smart kitchen includes sensors and camera that serve for detecting any cooking action and
estimating its nutritional and calorific value. The system also provides recommendations
for adjusting the real-time composition of a meal towards a nutritional balance. While the
smart kitchen is a hardware and software innovation, we focus in this paper on the soft-
ware aspect of meals planning. In [7] the authors propose a planning system for healthy
nutrition. The system is based on propositional logic and can be used on mobile devices.
As our work, the objective of this study is to propose a digital assistant to fill the lack
of experts in poor countries. However, we differ from this study on our modeling of the
meals planning problem. In [8] the authors propose a recommender system for building
daily nutrition plan. They demonstrate that their solution can provide balanced nutrition
plans that respect users’ preferences. A common feature between our formulation and this
recommender system is the idea of considering the quality of meal plans. But, while this
paper proposes a custom classification of foods, we consider the Hercberg score. In ad-
dition, we do not only focus on daily plan (as it is the case in this study) : our mealtime
window can include weeks and months. Finally, it is important to observe that our study
is possible because of existing theoretical formulations for characterizing the quality of
nutrition based on discrete quantity. These are for instance the Hercberg score [9] and
nutrient composition tables [11]. In the next, we present our model.

3. Problem description and analysis

3.1. General view

We consider a family that has a finite set of mealtimes D = {t1, to, ..., tx }. Typically,
we might have k = 3 with ¢; being the breakfast, ¢, the lunch and ¢3 the diner. We also
assume that the family is interested in a meal plan in a horizon of A = {1, ..., T} days.
T = 30,1 are meaningful values when considering cultural notion as the concept of
"ration" in Africa !. At each mealtime, the family can opt for a meal issued from a finite
set M = {my,ma,...,m,}. The general goal in AMP is to build an assignment o that
for each meal 1n;, mealtime ¢, € D and days d; € A is such that o(m;,ty,,d;) = 1
if on day d; and at the mealtime t,,, the meal m; was chosen. The built assignment must
satisfy objectives and criteria specified by the family. This general formulation is subject
to constraints and objectives that we will define in the next.

3.2. Formal definition

For the sake of simplicity, we reduce the family to a single person. This choice will
impact the formulation of constraints related to the nutritional balance. We also assume
the following (additional) input data :

— K the calories provided by meal m; ;

1. In several African countries, husbands give a budget for cooking to their wives everyday or at the
beginning of the month.
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—al, a2, a? the percentage of carbohydrates, fat and proteins in meal m; ;

— pi, the price of the m; ;

— A Boolean function (4, ¢) such that (7, ¢) = 1 is meal m; belongs to culture c. We
also assume that we have a set C' of cultures.

— H,W,G, A the height (cm), weight (kg), gender, age of the person we consider;
G =1 for female, O for male.

- R ={Ry,..., Rs} the classes of recommendations the user could follow. R; cor-
responds to a consumer that makes little or no exercise ; Rz is a consumer that makes 1 —3
days of exercise per week ; I?3 a consumer with 3 — 5 days of exercise ; I?4 a consumer
with 6 — 7 days of exercise ; and R a consumer with very intensive exercises. We also
assume the Boolean variables 7;s that are such that r; = 1 if the user chose the class R;.

— E(t,) the set of acceptable meal in the mealtime ¢, ;

— q; , the Hercberg score of meal m; ; the lower is ¢;, the better is the quality of m;.

‘We consider the percentage of proteins, fat and carbohydrates because as mentioned
in [8], they are crucial for a balanced diet. We range each meal in a culture. This choice
is among other things motivated by an observation made in prior studies [6] : consumers
choose their dishes according to cultural preferences. With the set E(t,) of acceptable
meals, our objective is to distinguish between types of meals that are appropriate depen-
ding on the mealtime. Finally, we consider the height and weight of the consumer because
this will serve to estimate his requirement in term of calories. Assuming these data, in the
next, we will now define the constraints.
3.2.1. Constraints

We consider the following constraints :
C1 : One meal per mealtime

Vd‘j, tu, Z O'(dj, tu,mi) =1
m;EM
C5 : The meal must be accepted
Vdj,tu, Z O(dj,tu,ﬂli) =0
m;EM|m;EE(t,,)
C5 : Maximum budget limit per day
vd;, Z Z o(dj, ty,m;).p; < B
ty€D m;EM

(the daily budget for eating is B)
C} : Diversity in meal choice

1)¥m;, Z Z o(dj, ty,mi) < Fi; (2)Vmy, d; Z (dj, tu,m;) <1
t €D djEA tu€D

(1) means that a meal is chosen at most F; times. (2) means that per day, a meal cannot
be chosen twice.
C’5 : Cultural preferences

Ve e Ca Z Z Z O—(djvtu»mi)"}/(j‘vc) > Ic;

djeAt,eDm;EM
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(meal from a culture ¢ will be chosen at least /.. times)
Cg : Calorific recommendation based on the Harris-Benedict equation

vd;, Z Z o(dj, tu, m;).K; = [G.bmry + (1 — G).bmry].bmr Factor
tu€Dm;eM

Here, bmry = 447.593 4+ 9.247TW + 3.098H — 4.330A ; bmry = 88.362 + 13.397W +
4.799H —5.677A and bmr Factor = 1.2r1+1.375ry+1.55r3+1.725r4 +1.975+200¢;
This constraint expresses the calorific need according to the Harris-Benedict equa-
tion [10]. We added a margin error factor €; € [—1, 1] that ensures that the proposed plan
will exceed or be lower of at most 200 calories from the standard recommendation.
C7 : Balanced diet requirement

Vd‘j, Z Z U(d,,tu,ml)a}KL:(055+01062) Z Z O'(dj,tu,mi)f(i

tu€D m;eM tu€D m;eM

Vi, > Y o(dj te,mi).0f K = (0275 4+ 0.75¢3) Y > o(dy, b, mi) K;
tu€D m;eM tu€D m;EM

Vdj, Z Z O'(dj,tu,mL)OtllKt=(0225+0125€4) Z Z O’(dj,tu,mi)Ki
tu€D m;eM tu€D m;eM

Here, €9, €3,€4 € [—1,1]. The idea in balanced diet requirement is to ensure that in the
calories gained each day, between 45 to 65% come from carbohydrates, 20 to 35% from
fat and 10 to 35% from proteins. Let us notice that these values are recommended by
experts in nutrition [8].

3.3. Objective functions in the automatic meal planning problem

In AMP, we want to minimize the price and the Hercberg score of the plan : the lower is
this score, the better is the quality. We modelize the price and quality of a plan as follows :

Price = Zf,“ep meeM ZdJeA U(dja tu,m;).pi ; Quality = ZtueD Zm,-GM Zd,-eA U(dj»tua m;).q;.
The objective function in AMP is the normalized function

Price Quality

Cost = A 1-2A
s | Price| + |Quality| +( )|P7’ice| + |Quality|

Here A € [0,1] is a parameter defined by the consumer to give more interest in either
price or quality.

3.4. Analysis

It is straightforward to notice that AMP is a Constraint Optimization Problem. The in-
terest in the observation is that we can therefore consider general Constraint optimization
framework like Branch and Bound for its resolution. We also have the following result.

Theorem 3.1 If we only consider the constraints Cy,Cs and Cs then AMP is NP-hard.

The proof'is given in the appendix. It is based on a reduction to the 3-partition problem.
Finally, let us notice that several variants of AMP can be proposed. For instance, we can
model the diversity in considering neighbor meals. A neighbor could refer to meals of the
same day or those in consecutive days.
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4. Heuristic and evaluation

From the mathematical formulation proposed in Section 3.2, we can derive an Integer
Linear Program (ILP) for solving AMP. The only difficulty will could come from the
nonlinear objective function. Despite the interest in ILP, let us notice that the runtime
can quickly explode when we consider big problems. However, let us observe that we
described AMP as a constraint optimization problem. For such problems, branch and
bound algorithms (B&B) are efficient. We will describe such an algorithm in the next.

4.1. A branch and bound algorithm for AMP

In this algorithm, we consider that a solution to AMP is a one dimensional vector X
such that each X (e) states for a pair e = (d;, t,,) the meal m; that was chosen. Conse-
quently, | X| = |D|.]A| and the domain of possible values for X (e) is dom(X(e)) =
E(t,). In the B&B algorithm, we start by assigning a value to X (0) and evaluate par-
tially all the constraints from C'5 to C. For instance, the partial evaluation of C'3 consists
of checking whether or not we already exceeded the maximal budget. If no violation is
found, we continue in assigning a value to X (1) and repeating the process. Let us now as-
sume that at a moment, we have a sub-vector X (1...7) and that we detect a violation with
the assignment made to X (¢ + 1). Then, we backtrack by changing the value of X (i +1).
If no possible values could be assigned to X (i + 1) we backtrack to X (7). Finally, in this
algorithm we keep every time a lower bound : the partial value of Cost for the assignment
we made. If this bound exceeds the best found solution, we backtrack.

4.2. Experimental evaluation

We evaluated the B&B algorithm in using a database of Tanzanian food composi-
tion [11]. We chose from this database 106 recipes of Tanzanian meals for which we have
the ingredients and nutrient composition. Based on these data, we computed the quality of
each meal and their calorific values. In the experiments, we randomly generated the price
of each meal in choosing a value between 1 and 50. We also assume that half of the recipes
belong to one culture and the remaining to another one. We also fixed the following values
k=3,T=4,1.=3,F;, =0.3.(3 x 4),\ = 0.5. Finally, we assumed different settings
where the consumer has one of the standard profile defined in [12]. We chose 4 of these
profiles : female sedentary, 31-50 (Exp. 1), female sedentary, 51+ (Exp.2), male sedentary,
51+ (Exp.3), male sedentary, 31-50 (Exp.4). For each experiment, we randomly generated
100 price distributions. We then compared the best solution obtained by the B&B algo-
rithm after at most 5 min, with a randomized algorithm. This latter solution was obtained
by running a randomized version of the B&B that was interrupted once a feasible solution
was found. The randomization was applied here on the ordering we used for processing
the X (¢)s. The solution issued from the randomized algorithm could correspond to the
consumer choice. Indeed, we do not believe that in practice, consumers will make a deep
exploration of the huge space of potential solutions. Therefore, the first feasible solution
(naive solution) could probably be the one they will adopt.

The results of our experiments are presented in Figure 1. As expected, the solutions of
the B&B are better (in cost) than the naive ones. But more interestingly, they are not only
better when considering the objective function : as showed by the curves on prices and
quality, we are able to find plans that a both cheaper and of better quality. Let us recall
indeed that in the Hercberg score, the lower is the score, the better is the quality.
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Figure 1 — Cost, price and quality in different experiments

5. Conclusion

In this paper, we modeled the automatic design of balanced meals plans and proposed
an algorithm for its construction. Our modeling is based on keys mathematical concepts
in nutrition like the Harris-Benedict equation and the distribution of calories in healthy
diet. We then validated our algorithm in considering a database of Tanzanian foods. The
experimental results showed that with our modeling, we are able to find balanced nutrition
plans that outperform naive solutions on both prices and quality. For continuing this work,
we have three main perspectives. The first is to refine the modeling and evaluation in
including other elements like tasting and enlarging the database of meals. The second is
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to validate the approach in considering a pool of real consumers. Finally, we envision to
reduce the runtime of the B&B algorithm in using parallelism and advanced constraint
optimization techniques.
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7. Appendix

7.1. Proof of theorem 3.1

Let us recall that in this proof, we consider a restricted version of AMP that only
includes the constraints C'7, Cs, C's. The NP-hardness proof is based on a reduction to
the 3-partition problem. Given a set S of 3/ positive integers s1, . .. s3;, the objective in
3-partition is to subdivide S into [ triplets S, ... S; such that the sum of number in each
subset is equal and the sets S, ..., .S; cover S.

From this instance, we propose to build the following AMP instance : We set T' = [
and k£ = 3. This means that the AMP instance has 3 mealtimes per day and covers [ days.
We assume 3/ meals and associate each meal m; with the price p; = s;. We fix I; =1
(all chosen meals are distinct) and

3l
B = Zu,:l i
l

Finally, we set the quality of each meal to O (such values exist in the Hercberg score).
For solving any instance of the 3-partition problem, we formulate the associated AMP
instance and solve it. If o is the solution, then we associate each S; with a day d; as
follows :
Sj = {pi|(7(dj7tuv mi) = 1}((1)

It is straightforward to notice that if there is a solution to the 3-partition then there
is a solution to the associated AMP instance where the maximal budget spent by day is
exactly B. Reciprocally, in any solution of the associated AMP instance, the total value
spent by day is B and each meal corresponds to a distinct s;. This implies that the .S;
as defined in (a) will constitute a cover and the sum of each S; will be equal to B. For
concluding the proof, we must now ensure that the reduction is done in polynomial time.

Given an instance of 3-partition, the construction of the associated AMP can be done
in O(1). Once, the instance is solved, the construction of S; can be done in O(I?). Indeed,
it suffices to loop over each o(d;,t,,m;). Consequently, we have a polynomial time
reduction.



